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A search for neutrino oscillation has been carried out at LAMPF 
(the Los Alamos Meson Physics Facility). The engineering run in the 
1986 cycle has demonstrated that the detector works as designed.
The probability of oscillation between two neurino types Vj and ^
can be parameterized by two variables: (1) the difference between the
2 2 2squares of the masses of two mass eigenstates 4m (a |mj - |), and
(2) the mixing angle (6) between the two states. In this experiment,
we set limits on the oscillations -*■ ve and ve -> ve as a function of
4m^ and sin^20.
For the ■+ oscillation, ve obtained sin^20 < 0.14 (90X C.L.)
2 2 2 in the limit of large mass difference 6nr (a |m̂  - |) between
neutrino mass eigenstates m^ and m2 ; and an upper limit on the product
6m^sin^20 < 0.35 eV^ in the limit of small mass difference.
For the ve ■+ ve oscillation, we obtained sin^20 < 0.21 (90* C.L.) 
in the limit of large mass difference 4m^ and an upper limit on the 




1.1 The History and Theory of Neutrino Oscillations
1.1 A. The Neutrino
In 1914, Chadwick observed that the electrons in (5-decay were 
emitted with a continuous spectrum of energies, which was inconsistent 
with conservation of energy and the assumed two body final state. 
Subsequent calorimetric measurements of (5-decay in the 1920's also 
seemed to confirm that energy and momentum were not conserved in 
9-decay.
In order to rescue the fundamental conservation laws, V. Pauli 
proposed that a neutral particle, of near vanishing or zero rest mass 
and half integral spin is emitted along with the electron in 9-decay. 
This neutral particle escapes observation because of its feeble 
interaction with surrounding matter. Fermi later named it the 
"neutrino" (v). The first definite observation of the neutrino was 
made via the inverse (5-process (ve p ■+ n e+) at the Hanford reactor by
F. Reines and C. L. Cowan Jr. et al.* in 1956.
1
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In 1956, Lee and Tang suggested parity might not be conserved in
9 i iveak interactions. The experiments of Vu et al. and Lederman et al. 
confirmed the non-conservation of parity in nuclear 0-decay. Lee and 
Yang,^ Landau,^ and Salarâ  shoved the observed parity violation could 
be understood in terms of a tvo-component neutrino hypothesis. This 
tvo-component neutrino hypothesis requires that the neutrino be a 
particle vith a definite helicity, vhich implies that in processes 
involving neutrinos, parity cannot be conserved. It also implies that 
the neutrinos are massless.
If the electron-neutrino and muon-neutrino vere different 
particles, and certain assumptions are made about lepton number 
conservation, then a neutrino detector placed in a beam vould be 
able to observe muons produced in the process 
^  + N -*■ u" + Hadrons 
but not electrons produced in the process 
Vp + N ■+ e“ + Hadrons.
If the ve and vere identical particles, then both muons and 
electrons vould be observed. The first experiment of this type vas 
performed at Brookhaven in 1962.® Neutrinos from pion decay (lt+ ■+ u+ + 
\^) vere shovn to be different from electron type neutrinos seen in 
beta decay. This shoved that the and ve are different particles.
3
In accordance vith the results of this and other experiments ve
introduce three lepton numbers vhich are separately conserved ---  the
electron number L#, the muon number L̂ , and the tau number LT (The tau^ 
is a lepton, discovered in 1973, vith a mass of 1784 MeV.). The 
electron and electron neutrino are assigned Le values of 1, and 1̂ , LT 
values of zero. The muon and the muon neutrino are assigned 1^ values 
of 1, and Le, LT values of zero. The tau particle and the tau neutrino
are assigned LT values of 1, and Le, values of zero. The
corresponding anti-particles have negative lepton numbers. All other 
particles have lepton numbers equal to zero.
1.1 B. Introduction to v-oscillation
If individual lepton number is not absolutely conserved, and
neutrinos have finite masses, then mixing may occur betveen the 
different types of neutrino (ve, \^, vT). The veak interaction 
eigenstates ve, \^, could then be expressed as combinations of mass 
eigenstates, say Vjt \>2 » Vj vhich propagate vith different frequencies 
due to their mass differences. As a result, if one vere to start off 
at time t«0 vith a pure beam, for example, oscillations vould occur 
and at a subsequent time t>0, one vould have a mixture of ve vith 
vT in the beam.
The origin of interest in neutrino oscillations lies in a 
suggestion by Pontecorvo® that a generalization of neutral kaon
4
oscillations in the vacuum might lead to vacuum oscillations among
neutrinos of different "flavors", (i.e. ve «-» Vy), and that the
observed low flux of solar neutrinos^ could be due to such neutrino 
oscillations.
After the success of the SU(2) X 11(1) Veinberg-Salam model of the 
electroveak interaction,10 several more general models have been
proposed in attempts to unify the strong and electroveak interactions. 
These models, based on gauge symmetries, predict baryon and lepton 
number non-conservation. The SU(5) model in particular predicts the 
spontaneous decay of protons and bound neutrons.+ Other models suggest
the possibility of neutron, anti-neutron oscillations. According to
11 12 some of these models, neutrinos are massive and could oscillate.
Ve will begin vith a brief account of the theory of neutrino 
oscillations betveen any number of flavors:
Let Iv^ denote a state vith momentum p occupied by a single \> of
flavor rj, vhere l"i » e, y, or T.
* Massless neutrinos are compatible vith SU(^), but this model has been 
ruled out by proton decay experiments.
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Let |\>j> (i-1,2,3) denote the eigenstates of neutrino mass, vhich 
are also linear combinations of the states |v̂ > such that:
B |vA> . Et |Vj> (1)
Ei - < <I 1 2 + |m(v±>I2) (2)
Ivi> - I V <vn l V  <3)
I V  - l»i><vil'V * (4)
Here H is the free Hamiltonian, and the elements of the neutrino mixing 
matrix between the v-flavor eigenstates and the v-mass eigenstates are 
denoted by <\>̂ |vi> - <Vj|Vjj>*.
Thus, the probability of finding a neutrino of flavor X] at time t 
in a physical situation where a neutrino of flavor X is present 
initially (at the origin) is given by:
p(vri;t|vxs°) - |<M^|exp(-lHt)vx>|2 . (5)
If more than two flavors are involved in the neutrino oscillation, 
the above equation can be complicated. There may exist neutrino mixing
6
vhich Is analogous to quark mixing as described by the Cabibbo angle in 
the GIM*^ scheme and generalized to the Kobayashi-Masakava matrix in 
the six-quark scheme.
For oscillations to occur betveen neutrino and anti-neutrino, the 
lepton number must change by two units (AL - 2). Only the Majorana
field contains terms that change the lepton number by two units. Thus,
for v - v mixing, the neutrinos must be Majorana particles^. In this 
regard it is interesting that a recent model of Gell-Mann- 
Ramond-Slansky (GRS mechanism) suggests that neutrinos are Majorana 
particles.
The oscillations betveen neutrinos and anti-neutrinos (\> <-» v) are 
inhibited by helicity (h) considerations, vhere: 
h(ve) - - h<v.> - - 1 .
Such considerations do not inhibit the oscillations betveen different
flavors of neutrinos, vhere: 
h(ve) - h(^) - - 1 .
Thus, it is generally considered more probable to observe neutrino 
oscillations betveen flavors.
In order to parameterize the results of neutrino oscillation 
experiments, a much simplified situation in vhich neutrino oscillations 
occur betveen only tvo different flavors is generally used. This 
simpler parameterization (presented belov) is certainly sufficient 
until evidence is found to shov that neutrinos do oscillate.
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1.1 C. Phenomenology
The simplest type of neutrino oscillation is that vhich occurs 
betveen tvo different flavors of neutrinos, that is, for example, ve <-»
V
Suppose that the mass eigenstates of the neutrinos \>̂ and V2  are 
different from the physical states ve and (vhich are states of
definite lepton numbers). If ve parametrize the v-flavor mixing matrix 
in terms of a mixing angle 6, ve have:
<v1|ve> - ■ cos ®
<V2 |ve> - - < W  - sin © . (7)
Then an electron neutrino beam formed at time t-0 can be expressed in 
terms of the mixing angle as:
|ve(0)> - |v1(0)> cos 9 + |v2(0)> sin 0 (8)
vith
|v1(t)> - exp(-iE1t) |v1(0)> , (9)
|v2(t)> - exp(-iE2t) |v2(0)> (10)
8
vhere
Ei “ * < I Pi 12 + ®i> • <n >
Then at time>t, the neutrino beam consists of both electron and muon
neutrinos and can be expressed as follows:
| <t)> - (exp(-iE^t) cos2© + expt-iEjt) sin2©) |ve(0)>
+ cos© sin© (exp(-iE2 t) - exp(-iE^t)) |n^(0)> . (12)
The probability of the neutrino, originally in state |ve>, changing
into the state |\ >̂ (assuming p»m 2 , m2 ) is given by:
Prob(ve -*• \^) - |<^(t)(ve(t)>|2
- (.5) sin2(20) * (1 - cos(|m2 - m{\ * t / 2p)) . (13)
The oscillation frequency is proportional to the difference in the 
square of the masses and is inversely proportional to the momentum.
One may define an oscillation length L by the following:
|m2 - m2|*t/2p - 2nx/L , (14)
vhere x is the distance downstream from the production point in a beam 
of neutrinos. Then
9
L - 4npx/(|m2 - m2| * t) - 4rtpc/|m2 - m2| * he 
- [2.5*Ev(MeV)/|m| - mJ|(eV)2] meters . (15)
After substituting equations (14) and (15) into equation (13), the 
probability of neutrino oscillation betveen two flavors in terms of the 
distance of the detector from the v-sonrce is given by:
Prob(ve -* v^) - sin228 * sin2(1.27*|ni2 - m2|*x/Ev). (16)
The probability of the neutrinos remaining unchanged is of course given 
by:
Prob(ve -* ve) - 1 - Prob(ve -» \^)
- 1 - sin220 * sin2[1.27*|m̂  - m\|*x/Ev] . (17)
Note that the tvo necessary conditions for neutrino oscillations 
to occur are:
(1) The term fm2 - m2| is not zero. This implies that at least one
type of neutrino must have mass.
(2) The mixing angle 9 cannot be zero. This implies that the 
individual lepton numbers are not conserved. The maximum mixing of 
the tvo flavors occurs vhen 9 - it/4.
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1.2 The Reasons for Interest in Neutrino Oscillations
The reasons for experimentally seeking neutrino oscillations of 
the type described above are as follows:
(1) To improve our knowledge of weak interactions: If neutrinos are 
found to oscillate, then as a necessary condition, the lepton 
numbers are not conserved. This has important implications in the 
study of the weak interaction. As an example, let us consider the 
case of the double beta decay. Lepton number conservation requires 
that the two decay electrons be accompanied by two antineutrinos. 
This decay process (f!^) ls greatly inhibited by phase-space 
restrictions on the four lepton final state. Thus, typical 
lifetimes for decays are of the order 102®“2* years. If lepton 
conservation fails, then neutrinoless double-beta decay (00q) is 
possible, in which a virtual Hajorana neutrino is emitted and 
reabsorbed in the intermediate state, resulting in a change in 
lepton number: AL >2. In W o  decays, the phase-space factor is
less restrictive, and lifetimes can be as short as years.
(2) If neutrinos have a small mass, they may provide sufficient total
i 17mass in the universe to effect closure. If the heaviest neutrino 
has a mass of only a few tens of electron volts, it would supply 
the required mass to close the universe. Also, if sufficient 
numbers of neutrinos are to be bound to galaxies to account for 
their halos, the neutrinos must be red shifted to velocities below
the escape velocity. This requires nasses in excess of about one 
eV. Furthermore, the number density of neutrinos is limited by 
Feral statistics. In order to supply the observed halo mass 
density, the neutrino must have a mass of at least aone 24 eV. 
Similar astrophysical arguments place an upper limit on neutrino 
aass of 10 to 100 eV.1^
(3) Under certain assumptions about quark-lepton symmetry, the mixing
IQparameters of quarks and leptons are the same, ° and CP-violation 
occurs naturally in neutrino oscillations. If neutrinos do 
oscillate it is possible CP-vlolation, vhlch is still largely a 
mystery, could be studied in a system other than the neutral kaon 
system.
(4) Experimental motivation: The direct measurement of a non-zero mass 
of the ve by Lubimov et al.,19 and the claim of evidence for ve 
oscillations by Reines et al.2® and the others,21 are other stimuli
to search for neutrino oscillations. Also the lov rate of solar
22neutrinos measured by Davis et al. could be due to neutrino
oscillations. This is discussed later.
In conclusion, if neutrino oscillations do exist, their study 
would provide a wealth of information on a variety of important 
physics.
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1.3 Categories of Neutrino Oscillation Experiments
For the above reasons, several experiments on neutrino 
oscillations have been performed, and many other experiments have been 
proposed.
These experiments can be divided into tvo categories: (a) the
exclusive (or appearance) experiments in which a certain type of 
neutrino is found to appear, and (b) the inclusive (or disappearance) 
experiments in which the original neutrino beam is found to be 
diminishing.
1.3 A. Exclusive Oscillation Limits
In the exclusive (or appearance) search, an experiment must 
isolate the anomalous appearance of some neutrino type in a
relatively pure beam of another type va. If no statistically 
significant signal of v^'s are observed, the experiment can then set 
limits on the probability for va to change into , P(vft ■+ v^). The 
limits on P(va -+ v^) can then be turned into a correlated limit on 
sin*2© and Km^)* - (n^)*!, i.e., Am*.
The probability of finding the appearance of a certain type of 
neutrino is given by equation (16):
Prob(vj -* Vj) - sin*2© * sin*(1.27 * Am* * x/Ev).
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where x is the distance downstream from the production point in a beam 
of neutrinos.
A plot of the above equation is shown in figure (1), for a given 
probability and also fixed but arbitrary values of Ev and x. In order
to understand the shape of this curve, note that for large Am , i.e.
2small oscillation length such that x »  L - 2.5 * E^/Aor, the term 
sin2(1.27 * Am2  * x/EM) oscillates so rapidly that a detector will be 
sensitive only to its average value, i.e. 1/2. Thus
P r o b ^  ■+ Vj) * sin2 2 0 / 2  
2is independent of Am'.
Also for large sin229, i.e. sin220 « 1, and small Am2, x «  L - 
2.5 * Ev/Ara2,
Prob (Vj ■+ Wj) * (1.27 * Am2) * (x/Ev)
Thus for the best limit on Am2, the ratio (x/Ev) should be made as 
large as possible.
In summary, the sensitivity of an appearance experiment is 
determined by the background rate of v^'s and the measured rate of
14
FIGURE 1





va's, which together determine the limit of the probability. Larger 
values of x/Ev allow one to set a smaller Am limit but may decrease 
the sin^2 © sensitivity because the observed event rate falls with 
increasing x or decreasing Ê .
1.3 B. Inclusive Oscillation Limits
An inclusive (or disappearance) oscillation study is made by 
measuring the change in the number of a given type of neutrino with 
distance or energy. It is sensitive to all possible oscillations 
(i.e., -» Vj (j*i), v). Thus it is a more global test of neutrino
9oscillation, but for a given Ev and x it is less sensitive in both Am 
and sin^2 © than exclusive experiments.
The Am^ sensitivity of an inclusive experiment is dependent on the 
statistical and systematic errors present. Vith one detector, 
measurements of the neutrino Interaction rate made at tvo distances 
minimize the dependence of the measurement on knowledge of the energy 
spectrum and absolute flux at the source. If the data at the tvo 
distances are taken simultaneously by using tvo detectors, any 
systematic time dependent errors are also eliminated. Therefore, such 
measurements are best performed vith the neutrino flux measured by tvo 
detectors running simultaneously at different distances from the 
source.
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The probability of the disappearance of a certain type of neutrino 
is given by equation (17):
Prob(Vj -» Vj) - 1 - sin229 * sin2(1.27*Am2*x/Ev) .
A plot of this probability is shovn in Fig. 2, again for a given 
probability, and also arbitrary but fixed values of Ev and x. Note 
that for large Am2, the neutrino flux measurements made at the tvo 
different distances are essentially the same since the oscillations 
vith x are too rapid to detect. Vhen they are subtracted from one 
another, the results shov no dependence on the mixing angle.
For small Am2  and large sin229, the probability is, as in the case 
of appearance experiments, limited by the ratio (x/Ev).
As a result, for both categories of neutrino oscillation 
experiments, the detectors should be placed at the farthest possible 
distance from the source consistent vith an acceptable event rate. It 
is also advantageous to perform the experiments vith neutrinos of the 

















1.4 Sources of Neutrinos
In the above section, ve have seen that an important parameter in 
observing neutrino oscillations is the ratio of the distance of the 
detector from the neutrino source to the energy of the neutrino beam, 
i.e. x/E^ The typical values of x/Ev from different neutrino sources 
are shown in table 1.1. The advantages and disadvantages of using 
these different sources as probes of neutrino oscillation are described 
below.
Table 1.1
Typical Values of x/Ev for Different v Source
v-source Energy (MeV) Dist (m) x/E (m/MeV) Am2  (eV) 2
Solar 0.2 — > 10 1011 1010 —  >10U 10'11— >10-12
Atmospheric 103 — > 104 107 104 . 
i
i-* o i
Reactor 3 —  > 10 10 — > 102 101 10"2
Accelerator 102 — > 104 102 ~>104 10”2 — > 10° 10°— >102
Beam Dump 10* 102 10-2 10 — > 103
Heson
Factory
10 — > 250 10 — > 300 10° 0.1 — > 1
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Solar neutrinos, which come directly from the sun, have small
momenta and therefore small oscillation lengths. This is the case
*♦
because, by definition, |P| ■ L, as shown in Eq. (14). Cosmic
neutrinos, which come from the interactions of cosmic rays in the 
atmosphere, have large momenta and therefore large oscillation lengths. 
Both provide large distances between the neutrino source and the 
detector, and are very sensitive to extremely small mass differences 
(Am^) of the neutrinos. The disadvantages are the low statistics (<100 
events/year)^, and insufficient knowledge of the exact intensity and 
spectrum of the neutrino source.
22The number of neutrinos detected by Davis et al. is about 1/3 
that predicted by the standard solar model. This may imply that 
neutrinos disappear as they travel from the source to the detector. 
Recently Mikkeyev and Smirnov^ (earlier, tfolfenstein^) proposed a 
theory (referred to as the HSV mechanism) that electron neutrinos above 
a certain minimum energy EQ may all be converted into muon neutrinos on 
their way through the sun, however, as a result of matter oscillations 
and not vacuum oscillations. (As discussed by Volfenstein , the 
neutrino masses are changed in matter as a result of the weak-current 
interaction. More significant contribution is the charged current 
which will exchange with the electron in the matter while it has no 
effect on \^. For characteristic vacuum oscillation lengths (lv) «  
1 0 ® cm, oscillations in normal matter are essentially the same as in 
vacuum. For lv »  10®, oscillations involving ve in normal matter have 
a much smaller amplitude than in vacuum.)
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The 37 C1 detector in the Davis experiaent is sensitive only to 
neutrino energies above 814 KeV resulting in a response vhi.ch is
aprimarily dependent on the high energy B neutrinos (0 - 14 KeV).
71 71Solar neutrino capture via the reaction Ga(ve,e") Ge has a threshold 
of only 233 KeV, which allows the low energy (pp -* + e + v) neutrino
spectrum (EBt|y. - 420 keV) to be seen. If the suppression observed in 
the Davis experiment is the result of a resonant neutrino conversion as 
suggested in the HSV theory, the fractional suppression would be much 
smaller in a 7*Ga (Gallium) detector which is sensitive to low energy 
neutrinos (The theory predicts a 10X suppression with the Gallium 
detector). If resonant conversion of ve to does occur in the sun, 
there is little restriction on the mixing angle 6  which can range from 
close to n to as small as 0.4°. A calculation vith the standard solar 
model gives a value of 1 x1 0 “^ eV^ for the term Am7cos29. It would be 
very difficult to determine such a small mass difference in laboratory 
experiments. Because of the interest in this new theory and the 
possibility of neutrino oscillations, a 60 ton gallium detector is 
being built in the Soviet Union for observation of solar neutrinos. A 
German-French- Italian group is also planning to build a 30 ton gallium 
detector in the Gran Sasso tunnel in the Apennines.
A disadvantage of using solar neutrinos to search for neutrino 
oscillations is poor statistics. Even vith Gallium, which is more 
sensitive to solar neutrinos than 3?ci the estimated flux seen is about 
110 SNU (1 SNU * 10~3* captures per target atom per second). In order
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to confirm that neutrino oscillations do exist, a source vith a greater 
flux of neutrinos is desired.
The advantage of using reactors as sources of neutrinos is the 
intense fluxes of nearly pure electron anti-neutrinos. One 
disadvantage is the difficulty associated vith the calculation of the 
energy spectrum. This is because the spectrum depends on the relative 
proportions of various fission products and their descendants, neutron 
capture products, reactor operating theory, etc. Also ve cannot do 
appearance experiments vith reactor neutrino sources because of the 
energy limitation in the case of flavor oscillation: \^(T's resulting
from oscillation of reactor ve's do not have sufficient energy to 
initiate vg + p -» n + 8 (vhere fl » m , t ) .  Thus the results of the 
neutrino oscillation experiments are not sensitive to small mixing 
angle.
The advantages of using high energy accelerators to probe for 
neutrino oscillations are: (1) The possibility of direct measurement of 
the intensity of the neutrinos; and (2) If there exist nev types of 
neutrinos coupled to charged heavy leptons in the veak current, and if 
the fields of all neutrinos are mixed, there is the possibility of the 
production of nev heavy charged leptons in the oscillation process. 
The disadvantages are the large electron background from neutral pions, 
the small ratio of x/^, and backgrounds from kaon decays (discussed 
later).
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Bean dump experiments, vhich are also done at high energy 
accelerators, study the prompt neutrinos from charmed meson decays. In 
charmed meson decays, ve expect equal numbers of electron neutrinos and 
muon neutrinos to be produced. The neutrinos can be identified by
charged current events in detectors placed at large distances from the 
target. After correcting for efficiencies and background, and assuming 
y-e universality, any disparity in the number of e events versus
y events imply neutrino oscillation. The disadvantage Is that it 
is Impossible to eliminate the non-prompt background.
The advantages of using neutrinos from a meson factory as probes 
for the observation of neutrino oscillation are the small dimensions of 
the neutrino production region, vhich is limited by the size of the 
beam stop, the absence of background from neutrinos produced in kaon 
decays and the high intensity neutrino flux. The disadvantage is that 
it is impossible to measure directly the expected intensity of the 
neutrino source. The details of using neutrinos from a meson factory 
vill be discussed in the next chapter. The current status of the 
searches vill be discussed in Chapters 2 and 8 .
CHAPTER II
THE SEARCH FOR NEUTRINO OSCILLATION AT LAMPF
2.1 Motivation for E645
The early results of Reines et al.,2^ claiming evidence for 
neutrino oscillations from the relative yields of charge current and 
neutral current reactions, are in conflict vith recent data of the 
Caltech-Munich-SIN group. 2 4  Reactor neutrinos were used in both 
experiments. From the latter and from other recent high energy 
neutrino studies there appears to date no compelling evidence for 
neutrino oscillations.
In 1980, supporting evidence for neutrino oscillations vas also 
inferred from CERN beam dump data.2^ This vas based on a ratio
found to be 0.5 to 0.6 vith an error of 0.2, instead of 1.0 for no 
oscillations. Recent results from Fermilab2 6  hovever find a \>e /VU 
ratio consistent vith no oscillations.
Therefore vhile results from a fev experiments suggest evidence of 
neutrino oscillations, 2 ^ ' 2 1  most experimental results2 7 " ^ 2  are negative 
and limit the alloved region of masses and mixing. In viev of this 
apparent conflict as veil as the limited sensitivity of current
23
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experiments, end since neutrino oscillation is a interesting topic,
33aore experiaents have been proposed. Accelerators, beam dumps, solar 
neutrinos and cosmic rays^ have all been suggested as probes in 
different experimental proposals. The experiment described in this 
thesis is a search for neutrino oscillation, making use of the intense 
electron neutrino and muon neutrino beams at LAMPF.
2.2 Advantages of Meson Factories as a Neutrino Source
As shovn previously, the ratio x/E determines the sensitivity 
limit of a neutrino oscillation experiment. The larger the ratio is, 
the more sensitive the experiment. The ratio x/E for both accelerators 
and meson factories like LAMPF are about the same. Therefore, vhat are 
the advantages of using neutrinos from a meson factory as compared vith 
high energy accelerators?
At a high energy accelerator, neutrinos are produced primarily by 
pions vhich decay in flight and are therefore largely v B u t  the 
primarily beams contain significant contaminants from kaons decay 
via the folloving decay mode:
K+ *♦ + e+ + \>€.
This leads to a significant ve contamination of the ^  beam, (e.g. the 
CERN PS Neutrino Beam consisted of vith an energy spectrum peaking
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at - 600 MeV and a small admixture (0.7 ± 0.2 X) of ve at slightly 
higher energies). At LAMPF, the energy of the proton beam (~800 MeV) 
is below the threshold for kaon production. Beth positive and negative 
pions are produced from protons slowing down in the beam stop. Host of 
the n~ come to rest and are captured by nuclei. Approximately IX of 
the stopping n~ decay, giving rise to u~'s vhich in turn come to rest
and are captured by nuclei. The ratio of w” decays to y+ decays
present in the beam stop is about 1/7000. Thus in the meson factories, 
there is a very small ve contamination in the beam.
In addition to the contamination of the beam, high energy
neutrinos give rise to some neutral backgrounds vhich do not exist vith 
low energy neutrino beams such as those in a meson factory.
Consider the detection of neutrino oscillation * ve. The 
signal indicating an oscillation is in the form: \>e + hadrons -*■ hadrons 
+ e. A serious background arises from the production of n in a high 
energy neutrino beam in the following processes:
+ hadrons -* it°+ hadrons 
-+ r r
L  e+e"
If the transient particles (n and y) *re not detected, and only 
one of the final tvo electrons is detected together vith a hadron, then 
such events vill appear to be an oscillation signal. At LAMPF, the 
energy of the neutrino beam is belov the threshold for pion production.
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In a high energy beam the detector nust be placed at a larger 
distance to attain the sane x/E ratio as the one in a lover energy 
beam. Thus the focussing of the bean becomes an important factor. The 
smallest systematic errors are attained vith a bare-target neutrino 
beam like that at LAHPF. Systematic errors are more serious for a horn 
focussed beam than for a bare target beam, due to the added
complication of an extra beam element. In order to compute adequately 
the change in flux incident on the detector vhen the position is 
changed, the neutrino energy distribution, neutrino directions and the 
spatial extent of the source must be knovn precisely. By varying the 
currents in the horns and the position of the target along the beam 
direction, the shape of the neutrino energy spectrum can be changed 
slightly.
An additional advantage offered by a neutrino oscillation 
experiment at a meson factory over an experiment at a high energy
accelerator is the higher sensitivity of the Am measurement. As shovn 
in table 1, the Am2  limit for the meson factories is of the order .1
(eV) 2 vhile for accelerators, it is ~1 (eV)2.
As a brief summary, the ratio of x/E for both accelerators and 
meson factories are about the same, but it is still more favorable to 
carry out a search for neutrino oscillation at a meson factory because:
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(1) There is less contamination in the neutrino beam as the energy at a 
meson factory is belov the threshold for kaon production. (2 ) 
Experiments at meson factories are less affected by high energy neutral 
backgrounds. (3) There are less systematic errors in the calculation 
of the beam spectra. (4) Because of the high intensity of the neutrino 
flux at meson factories, a higher event rate is obtained and this leads 
to a better dm2  sensitivity for the same x/Ev.
2.3 The Method Used in the Search for Neutrino Oscillation at LAMPF
A 20 ton detector consisting of segmented liquid scintillation 
counters capable of electron detection, and proportional drift chambers 
giving tracking information vas built and situated at a distance of 
about 26 m from the beam dump at LAHPF.
This beam dump acts as an isotropic source of electron neutrinos, 
muon neutrinos and anti-muon neutrinos. As the protons are stopped in 
the beam dump, the proton-to-pion-to-muon production and decay chain 
creates an intense source of neutrinos. Essentially all the neutrinos 
are created in the decay chain:
«+ + V* * \
e+ + ve + .
Thus, in this neutrino source, ve is absent. In the absence of ■+ 
or ve •+ ve oscillations, the reaction + p •* e+ + n is therefore not
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observed. If such events can be found, It then gives evidence of 
neutrino oscillation. As discussed in chapter 6 , the background from 
ve-induced reactions in the detector is small.
In this first phase of the experiment, ve are searching for the 
appearance of the anti-electron neutrino and not the disappearance of 
the electron neutrino beam for the folloving reasons: The result for an 
appearance experiment is more specific and also more sensitive than the 
result for a disappearance experiment particularly at small mixing 
angles. It is also less dependent on the exact energy spectrum of the 
neutrino beam. For a disappearance experiment, the interaction rate 
vith respect to the neutrino energy must be normalized so that the rate 
may be compared for different distances of the detector from the beam. 
A ve disappearance experiment may be run at a later stage by measuring 
the \>e Interaction rate as a function of the detector-source distance 
and neutrino energy, by the detection of the reaction
ve + d-»e+ + p + p.
In detecting the reaction ve + p -* e+ + n, our primary signature 
is the observation of the positron in the liquid scintillator vhich 
also provides the proton target. The proportional drift chambers 
provide the tracking information of the positron.
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The neutron nay be detected in some fraction of the events by 
capture on Gadolinium. About 8  MeV in gamma energy, resulting in an 
average of 4 gammas, is released in the Gadolinium upon capture of a 
thermalized neutron. These r rays are then detected vith the liquid 
scintillation counters.
In order to reduce the background rate, an active veto shield is
built to reject events associated vith charged particles entering the
detector system. In addition to the active veto shield, a passive 
shield consisting of layers of tuff, steel and lead is used to shield 
the detector from neutral backgrounds associated vith both the cosmic 
ray flux and the beam.
A detailed description of the detector vill be given in the
folloving chapter. The folloving section is a description of the
experimental site at LAMPF.
2.4 The Experimental Layout; The LAMPF Accelerator and the Neutrino Beam
2.4 A The LAMPF Accelerator
The Los Alamos Meson Physics Facility (LAMPF) experimental areas 
are shovn in Figure 3. LAMPF is an 800 MeV linear proton accelerator 
vith a nominal H+ beam intensity of 1 mA. H" ions are also accelerated 
slmultaneuously at a much lover intensity. The macroscopic duty factor
30
Fig. 3 • LAMPF Experimental 
Area.
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ranges from 6  to 9 percent. Typically this consists of a 750 us 
■acropulse at 80 cycles per second. The svltchyard at the end of the 
accelerator provides a beam to the four main beam lines. Line A 
receives most of the H+ beam, lines B and C use H“ and line D uses a 
part of the H+ beam. There are four production targets in line A. 
Experiment 645 is set up at the end of line A and detects ve, i.e., if 
the neutrinos produced at the beam stop do oscillate. The beam stop is 
a water-cooled copper cylinder, 20.3 cm in diameter and 124 cm long.
2.4 B The Neutrino Beam at LAMPF
In the beam stop of a medium energy proton accelerator like LAMPF, 
a large number of neutrinos are produced from pions vhich decay at 
rest. At LAMPF this occurs when protons are stopped in the water 
cooled beam stop. As discussed earlier, the majority of the pions 
produced by the stopping protons are quickly stopped, and only a very 
small fraction decay in flight. Vhile most of the n~ are captured by 
nuclei in the beam stop, the n+ decays vith a lifetime of 26 ns. into 
a u+ and
n+ -♦ •




This Mans that the n*'s and the u+,s are the aain sources of 
neutrinos. Since a pion decays into tvo particles only, the from
stopped it* decays have a constant energy of 29.79 HeV. By contrast, 
neutrinos produced by the 3-body decay of the u+ have a continuous 
energy distribution vith an end point energy of 52.83 HeV. The energy 
distributions of the and the from the y+ decay are:
N(k)dk - 4k2 [3(l-k)+(2/3)p(4k-3)]dk, 
vhere k - , EBax - 52.83 HeV
and p - 3/4 for \̂ ; p - 0 for ve .
The spectra of the neutrinos are shovn in Fig. 4. The average 
neutrino energy in a muon decay is 37 HeV. The production of neutrinos 
is enhanced by a 2 0  cm vater degrader in front of the beam stop, and 
the anticipated flux is about 3.56 X 106  v/cm2-s of each type of 
neutrino at a distance of 26 m from the beam stop (The calculation of 




3.1 The General Description of the Apparatus
For Che appearance experiment, detection is achieved via the 
reaction \»e + p ■+ e+ + n. The detector is designed to track and
identify electrons in the energy range 25 HeV < E^ < 60 HeV and muons
in the range 25 HeV < Ey < 100 HeV.
The main features of this detector are: (1) The tracking
properties and range measurements with the proportional drift chambers;
(2) The energy and range measurements vith the liquid scintillation 
counters; and (3) The ability to detect thermalized neutrons.
The technique used for neutron detection is slow coincidence 
detection of thermalized neutrons (thermalization time is ~ 2 0  to 1 0 0  
us). Gadolinium, which has a large thermal neutron capture
cross-section (50,000 barns), is used in this detection. About 8  HeV 
in gamma energy is emitted upon a neutron capture. The typical yield 
is 4 photons vith 2 HeV of energy per photon.
The detector is placed at a polar angle of 17 degrees with respect 
to the beam and a distance of 26 m from the beam stop, subtending an
34
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angle of ±5° (Fig.5). The central detector which consists of nodular 
proportional drift tube (PDT) planes and scintillation counters, is 
conpletely enclosed inside a cylindrical, active veto shield. A 
passive shield nade of iron and lead is located just inside the active 
veto shield. The entire assenbly is placed inside a tunnel. Layers of 
steel are placed on top of the tunnel for shielding (Fig.6 ).
3.2 The Tunnel and the Overburden
The tunnel is a culvert 30.48 ra in length made of.0.636 cm steel. 
The steel is ruffled to strengthen the tunnel as dirt is piled on top
of it to a level surface. At the end of the tunnel is a stack of 2 m
thick steel. This provides some shielding against the beam neutrons. 
The bottom of the tunnel consists of a trench and concrete floor which 
extend approximately 55 m to a metal service building (Fig. 7). The 
concrete floor provides a convenient surface over which the neutrino 
detector modules can be moved between the tunnel and the service 
building where the detector was assembled. The detector is left in the 
service building for repairs when not in the tunnel.
AAn overburden of steel amounting to 2000 g/cm is piled on a 3.66
by 7.62 m^ area directly above the detector on top of the tunnel and
dirt. The overburden is used to reduce the hadronic component in the 
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neutrons In cosmic rays. About 20 m of tuff is placed betveen the beam 
stop and the detector system for elimination of the bean associated 
neutrals. These high energy neutrons contribute to the background by 
nucleon-aeson cascade in which protons, pions and gammas are produced. 
The gamma then undergoes pair production or Compton scattering. 
Electrons are also produced in the process of it1  •* u*v -* e±w. If the 
energies of these electrons produced are in the energy window ( 1 0  -* 60 
NeV) of the event signal, it looks like an oscillation event. The 
overburden aids in the reduction of these background events.
The amount of the overburden to be used was determined after a 
test to measure the background rate at the LAHPF beam stop was made by 
the Argonne National Laboratory (ANL) group.^ The background spectra 
with various shielding configurations were studied by the ANL group 
vith a Nal detector. The rate of electron production in the energy 
region 20-60 KeV due to high energy neutrons in cosmic rays was found 
to be -1.2 X 10^/LAMPF day in the central detector. This value was 
estimated from measurements by the ANL group. It agrees vith the 
number obtained by scaling the overall cosmic ray background found in 
LAHPF experiment E31^ to fit the size of the E645 detector. In order 
for beam neutrino events to be detected, this cosmic ray induced 
background must be reduced by 6  orders of magnitude to less than 1  
event/LAHPF day. In E225,^ an overburden of 1000 g/cm^ was found to 
reduce the background by a factor of 0 .0 1 , giving an attenuation length
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of - 200 gm/cm^. Therefore the suggested saount of overburden to be 
used is - 3000 g/cm^. Hovever the amount of shielding ve could get is 
2000 g/cm^. This still provides a significant amount of shielding as 
shown from the data discussed in section 6.3 B.
3.3 The Shield
In addition to the overburden, active veto and passive shields are - 
used to reject background events. These shields are described in the 
following two sections.
3.3 A The Active Shield
The active veto shield is a cylindrical shell filled vith liquid 
scintillator. Information obtained from this shield is used to reject 
events associated vith charged particles in the cosmic ray flux 
entering the detector. In particular, problems arise because cosmic 
ray muons which stop in the detector decay at rest into electrons and 
positrons. These electrons (from here onwards, the term "electrons” 
refer to both positrons and electrons since our detector cannot 
distinguish electrons from positrons) can be mistaken as event signals 
since the process of interest in this experiment is
41
+ p ■+ e+ + n .
In order to eliminate this background, which is calculated to be 
-lC^/LAMPF day, ttoe rejection rate must be of the order 10“ .̂
A high rejection rate requires that the active area (the 
scintillator) should be as continuous as possible in order to eliminate 
the inefficiency' due to dead material and a large number of PHT's.
These consrlidtormtions led to the design of a fully continuous 
active shield n d ’e of 6 inches of liquid scintillator enclosed within 
two concentric steel cylinders 7.93 m long and 2.54 cm thick with inner 
radii of 3.20 ami 3.35 m (Fig. 8). Dead space is minimized by having 
only three optiiamQy isolated regions: (l)the curved portion of the 
cylinder plus an end cap which are connected, (2)a second end cap and
(3)the bottom oft die active shield. The bottom of the shield is a 
platform filled; with liquid scintillator. The three optical regions 
overlap each othesr.
Signal light from the liquid scintillator is viewed on the outer 
surface by laxge hemispherical PHT's (BHI 9870-B) projected partially 
into the scintillator tank. A total of 360 PMT's are used. The inner 
surface of the liquid scintillator tank is painted with a highly 
reflective white paint (Nuclear Enterprises Two-component Polyurethane 
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3.3 B The Passive Shield
The passive shield is a layer of lead shot 18 cm thick (equivalent 
to 12.7 cm of solid lead) enclosed betveen 2 sheets of steel each vith 
a thickness of 2.54 cm. It is located next to and inside the active 
veto shield (Fig. 8). The passive shield is used to reduce the 
background associated vith gammas entering the detector vithout 
converting into charged particle pairs. The gammas are produced 
primarily in the folloving tvo processes:
(i) muons bremsstrahlung in the overburden
U ■* py and
(ii) muons stopping and decaying outside the active shield to produce 
electrons vhich subsequently bremsstrahlung to produce gammas
V ■* ■* *V\iY *
If pair conversion or Compton scattering can be made to occur in the 
lead shield, the charged particles thus produced can be rejected as 
background from the tracks left as they enter the detector. Hovever if 
these processes occur vithin the detector, the resulting charged 
particles can be mistaken for signal events.
The amount of passive shielding to be used vas determined by the 
results of another background test carried out by the ANL group.^ The 
folloving reasoning vas used:
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Gaums produced by muon bremsstrahlung in the overburden enter the 
detector at the rate of approximately 1450 per LAHPF day. Gammas 
produced by electron bremstrahlung (from muons which stop and decay in 
the overburden) enter the detector at the rate of about 11,000 per
•ILAHPF day. In order to reduce this photon background to - 10'A per 
LAHPF day, an attenuation factor of the order 10'^ is required. It vas 
found in E31 that 3.7 cm of lead reduced the number of gammas by a 
factor of 50 but still a large constant background remained. The 
repeated measurements^ done by the ANL group shoved that simply by 
scaling the result in E31 to estimate the amount of passive shielding 
vould not reduce the background to 0.1 per day due to the constant
O B
background remaining. Subsequent calculations*’ (using the photon 
attenuation tables given by the Particle Data Group) by the same group 
determined the present amount of 18 cm of lead shot placed between 
sheets of steel 2.54 cm thick.
3.4 The Detector
The 20 ton active detector is composed of 40 planes of segmented 
liquid scintillator (Bicron 517L) counters which function as neutrino 
targets. The counters are also used to Identify charged particles from 
their energy loss. Two planes of proportional drift chambers wired in 
the horizontal and vertical directions for tracking are placed after 
each plane of liquid scintillator. Sheets of mylar coated vith 
gadolinium (in the form of Gd2 <>3 ) are used to detect neutrons.
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Detailed descriptions o£ each of the main components of the active 
central detector are given in the folloving sections.
3.4 A The Scintillation Counters
Twelve liquid scintillation counters are stacked and hung by means 
of velcro to form one scintillation plane. Bach counter is an 
extrusion of lucite 0.3175 cm thick vith an inner dimension of 300 cm X 
30.5 cm X 3.00 cm.
At an early stage, the counters were found to crack under the 
hydrostatic pressure when attacked by the pseudocumene (1,2,4 trimethyl 
benzene) in the liquid scintillator. The remedies used to stop the 
cracking of the extruded counters are: (a) Each extruded counter is 
individually reinforced vith a 0.3175 cm thick plastic rib at the 
center and (b) Liquid scintillator Bicron 517L and not Bicron 517H is 
used. Bicron 517L contains only SOX of the pseudocumene found in 
Bicron 517H, but light output is reduced by only - 20X vhich is 
acceptable.
Vhen scintillation light is incident on the sides of the counter 
at an angle greater than the critical angle, it undergoes total 
internal reflection and travels to the ends of the counter. In order 
to ensure more light to be reflected back into the counter, each
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counter is wrapped first vith white paper and then vith light tight 
black paper. A clear sheet of mylar is used as external protection. A
reflective tape with a 5.08 cm window (for PMT viewing) is applied at
each end of the counter to enhance the collection of scintillation 
light at the ends.
Each counter is viewed by a PMT at each end. The PMTs used are 10
stage Hamamatsu R878 tubes vith 5.08 cm diameters. These PMTs use
positive operating voltages. The advantages gained by using these PMTs 
are the high gain, low noise and low operating voltage."*® The PMTs are 
coupled onto the ends of the counters by means of optical grease. They 
are supported mechanically by PVC cans glued onto the endcaps of the 
counters.
3.4 B The Proportional Drift Tube (PDT) System
Each plane of chambers consists of 5 modules of PDTs and each 
module is made up of 9 cells. In order to minimize the background rate 
arising from the reaction
ve + 27A1 ■+ e" + 27Si
where much of the electron energy spectrum is in the energy window of 
the events under examination, the amount of aluminum used is minimized.
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Thus the vails of the drift chamber cells are made of laminated Kraft 
paper helically wound to form 3.7 m long tubes vith a rectangular cross 
section of 3.8cm X 7.6cm. The inner vails of the tubes are lined vith 
an overlapping layer of aluminized mylar adhesive tape. The mylar 
provides a gas sealing surface and the aluminum provides a conducting 
surface. The thickness of the aluminum on the tape is only 0.0254 cm
and the thickness of the laminated Kraft paper is 1.5 mm (0.11
g/cm^).3®
During the construction of the PDT cells, residual moisture left 
in the lamination vas removed by drying in an oven. The individual PDT 
cells were then glued side by side to form modules of 9 cells. A layer 
of shellac vas applied to the outer vails of the modules to prevent 
reabsorption of moisture and to seal against gas leaks.
End caps were glued onto both ends of the tube to support a 0.0508
mm (2 mil.) gold plated tungsten wire passing through the tube center.
The inner aluminum surface is electrically grounded and the sense 
vires, spaced 8.03 cm apart, are kept at positive high voltage. A 
distribution board situated at one end of the module provides high 
voltage to the individual vires of the 9 cells while an end board 
situated at the opposite end amplifies the signal from each wire.
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The prototype PDTs were tested extensively vith cosmic rays. The 
performance vas similar to conventional PDTs made of 0.S am aluminum. 
At sea level vith the sense vires at +2.35 kV in a gas mixture of 90X 
argon and 10X methane (P10), the spatial resolution is < 1 mm and the 
pulse height resolution is - 35X. At Los Alamos (altitude -7400 ft.) 
the sense vires are set at +1.9 kV to compensate for the lov 
atmospheric pressure. The breakdovn voltage is lover at high altitude.
Five modules, each consisting of 9 cells are then stacked on edge 
to form a drift tube plane of cross section 3.7 m X 3.7 m. An aluminum 
frame is used to enclose tvo such planes to form a vertical and a 
horizontal modular unit of drift chambers. The vhole central detector 
contains 41 such modular PDT units (i.e. a total of 3690 PDT vires) 
interspaced vith 40 planes of scintillation counters.
The gas used in the PDT system is P10, the same type of gas used 
in the prototype. In order to avoid contamination, the gas supplied 
from a ballast tank is recycled through a filtering system as shovn in 
figure 9. The gas lost during recycling is replaced vith fresh gas. 
The rate of replacement is determined by the performance of the PDTs. 
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3.4 C The Neutron Detection System
In order to detect neutrons, sheets of mylar coated vith 
gadolinium vere hung on both sides of each scintillator plane. A 
mixture of Gd2 0 3  and standard paint vas sprayed onto mylar to form a
9durable film containing an average of 5 mg/cm ±20% of gadolinium.
Tagged sources* of 2^2Cf are hung from the top of the detector to 
monitor the neutron detection efficiency. Since the neutron capture 
gives several gamma rays (typically 4 gamma rays vith an average energy 
of ** 2 MeV/gamma ray), either a 2-fold or a 3-fold coincidence is 
required as a signature.
3.4 D The P?0 Plane
The sixth plane in from the beam stop is occupied by D2 O Cherenkov 
counters. The D20 plane is used (l)to ensure neutrino interactions 
from the beam can be observed in the detector by detecting the reaction 
ved -* e~pp and (2)to calibrate the neutrino flux using this reaction 
(see Appendix 3).
T252Cf ig in a smaj2  ionization detector. The fission of 2^2Cf gives 
the tag, i.e, 252Cf fission (tag) + neutron.
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The D20 is doped vith 20 eg/1 of Amino-G wavelength shifter 
(7-Amino - 1,3-naphthalene disulfonlc Acid Monosodium Salt). The yield 
of photoelectrons from the wavelength shifted Cherenkov light is about 
1/16 that of the Bicron 517L scintillator. Despite the low 
photoelectron statistics, this signal is still sufficient for 
triggering and pulse height measurements. In addition, the triggering 
efficiency of the D20 plane is improved by using two PMTs on each end 
of the D20 counters, vith the signals from the two PMTs hardware added.
The above detector is placed inside a tunnel 30 m long vith a 
diameter of 7.62 m. The detector system (detector, active and passive 
shields) is mounted on six rails in order that it can be moved for 
servicing (Fig. 10).
3.5 The Electronics for Data Acquisition
A schematic diagram of the electronics is shown in Figure 11. The 
hardware is discussed in detail in another thesis^®, but for 





















3.5 A The High Voltage (HV) Distribution System
The high voltage distribution panel for the PDTs is a slaple fan 
out which sets all PDTs at the sane voltage. High voltage (HV) 
regulators are used so that voltage outputs to the shield PMTs as veil 
as the PMTs of the detector scintillation counters can be adjusted 
individually. Bach regulator is a potentiometer vith a range 0 volt to 
-400 volts (i.e. the voltage output can be adjusted from the power 
supply setting down to a setting 400 volts lover). One high voltage 
input fans out to 96 HV regulators.
3.5 B The PMT Shapers
The shaper system is a fanout system for the PMT signals of the 
central detector. The PMT signals coming into the shapers are branched 
out into two different routes. One route goes untouched to the fast 
logic modules. The other route goes through a low noise inverter 
amplifier which converts the small negative incoming pulse signal to a 
positive stretched pulse, similar to the signal coming from the drift 
chamber amplifiers. This analog signal then goes to the digitizer.
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3.5 C The Past Logic Modules
The fast logic modules are single width fastbus modules. The 24 
PMT signals from one scintillation plane are fed into one fast logic 
module after passing through the PMT shapers. Every 250 nanoseconds, 
each fast logic module sends out the hit pattern for its scintillation 
plane. The hit pattern contains information about which PMT's in the 
plane were hit. Thus we can determine from the hit pattern, the number 
of counters with both PMTs receiving a signal (i.e. the number of 
AND's). We can also determine the number of counters with one of the 
two PMTs receiving a signal (i.e. the number of OR's). The fast logic 
controller sends this hit pattern to the trigger processor.
The trigger processor is a microprocessor which has 2 memory 
levels. One level of the memory is used to choose the trigger pattern 
(e.g. AND's in 4 out of 6 consecutive planes, or AND's in 3 out of 6 
consecutive planes + 1 OR out of the same 6 consecutive planes, etc.). 
The second level is used to choose the section of the detector we wish 
to examine (e.g. planes 1 through 15, or planes 25 through 30, etc.). 
The trigger processor then compares the chosen trigger pattern with the 
hit pattern it has received from the fast logic modules. If the two 
patterns are consistent, the trigger processor then examines the signal 
from the veto processor (to be discussed later). If the veto processor 
indicates no veto, the trigger processor signals the computer via CAMAC
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to read all the data for this trigger into the coaputer. The 
subsequent analysis of the data will be discussed in detail below.
3.5 D The Digitizers
The digitizers are used to convert the positive analog signals 
from the PDTs and the PMTs to digital signals. Each digitizer card is 
a single width Fastbus module vith 5 channels. There are 9 inputs per 
channel and each input has its own discriminator. One PDT plane 
(horizontal or vertical direction) thus requires one digitizer card. 
For PMTs, one of the 9 inputs (#9) in each channel of the digitizer 
cards is not used. Therefore one digitizer card digitizes 1 2/3 planes 
of the PMTs. One digitizer is dedicated for a trigger pulse which is 
used to time all digitizer hits. The digitizers "flash encode" (or, 
parallel encode) the inputs every 83 ns. The 2K memory of the 
digitizer allows a history of 160 ps.
There are two 6 bit ADCs (Analog to Digital Converters) in each 
digitizer channel to compose a bilinear scale. The first ADC has the 
greater resolution for minimum ionizing particles. The second ADC has 
5 times less resolution but has a range 5 times greater, for larger 
dE/dx particles. The ADC value read out from each digitizer channel is 
a sum of the pulse heights of the 9 inputs in that channel. 
Information about which inputs in the channel actually fired, i.e. 
were above a set threshold, is given by a separate discriminator latch.
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All five channels of each digitizer send data in parallel over the 
fastbus backplane to a digitizer controller. The digitizer controllers 
are double vidth fastbus nodules. One controller is required for each 
fastbus crate. The digitizer controllers pass the data to the on-line 
computer (PDP 11/23).
The digitizers are clocked at 12 HHz via one clock module for the 
entire experiment. The clock pulse from the clock module is fanned out 
to all digitizers so that each digitizer is timed properly vith the 
same clock. The clock is stopped by a pulse 100 us after each trigger. 
The time vindov (100 us) is chosen for the folloving reason:
The average neutron capture time (i.e. from production to capture
in Gd) is calculated by Honte Carlo to be about 70 us. The detector 
vould be more efficient at neutron detection if the time vindov vere 
even vider. Hovever, vith a vider time vindov, more noise due to 
random signals vould be introduced. As a compromise, a time vindov of 
100 us is chosen. When data is passed from the digitizer to CAMAC, a 
history of 60 us before the trigger is also readout to check if the 
trigger event is caused by a stopping muon. This is possible because
the digitizers store 160 us of history during a given time.
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3.5 E The Veto Processor For The Shield
The ealn function of the veto processor is the selection of a long 
veto or a short veto. Vhen the veto is "on" (i.e. a veto signal is 
being sent from the veto processor to the trigger processor), the 
trigger processor suppresses data taking. The selection of the veto is 
nade on the basis of hit information determined vhen the shield PHT 
signals are transnitted to fast logic modules similar to those used in 
the central detector. The veto processor receives a pattern from the 
fast logic modules vhich contains information on the number of tubes 
(multiplicity of the PMTs) hit in each optically isolated region of the 
shield. If the multiplicity is greater than or equal to a selected 
value, that region is defined as being hit. If only one of the 3 
optically isolated regions (the cylindrical portion plus an end cap, 
the cart, and the second end cap) of the shield is hit, indicating that 
a muon has possibly stopped somewhere inside the detector, a long veto 
is chosen to give the muon a chance to decay. Vhen there is a 
coincident signal in 2 regions of the shield indicating that a charged 
particle has passed through the detector, a short veto is chosen.
The same electronics keeps a history of pulses on a PMT-by-PMT 
basis for offline analysis.
CHAPTER XV
PERFORMANCE OF THE DETECTOR AND ITS CALIBRATION
4.1 Performance Goals
The goal of the entire detector system (the central detector plus 
the shield) is to identify an event which signifies neutrino 
oscillation. It is not difficult for our detector to identify an 
electron (or a positron). Thus the performance of the entire detector 
system is judged mainly by its ability to reject background events. 
These background events are primarily generated by neutral particles 
(neutrons and gammas) penetrating into the central detector and 
producing events which simulate neutrino interactions. The function of 
the shield is to reduce the background as much as possible. The 
central detector must eliminate the small fraction of the background 
which escapes detection by the shield.
4.1 A The Goals of The Shield
The two main goals of the cosmic ray shield are: (1) the rejection 
(ideally with 100% efficiency) of charged particles, namely hadrons and 
muons, entering the central detector and (2) the reduction of the 
background induced by neutral particles.
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As stated in the previous chapter, the overburden on the top of 
the tunnel reduces the number of hadronic particles penetrating into 
the central detector and thus the background generated by high energy 
neutrons in the cosmic ray flux. The active veto shield works with the 
event trigger to reject all charged cosmic ray particles. In order to 
do this, the PHTs must be as efficient as possible so that particles 
passing through any portion of the shield can be seen. This ability to 
see particles is limited by the dead material (e.g. I-beams in the 
bottom of the shield) used as supporting structures in the veto shield.
Photons produced by stopped muons in the process y -* e -* y and by 
muons which bremsstrahlung are not detected by the active shield. It 
is the function of the passive shield to force these energetic photons 
to undergo pair production or to Compton scatter before entering the 
central detector.
4.1 B The Goals Of The Central Detector
The main function of the central detector is the detection of 
events which would indicate neutrino oscillation. In order to detect 
such a signal, the positron energy must be measured accurately. 
However this process does not tax the detector. A more stringent 
requirement placed on the detector is the task of distinguishing signal 
events from background events. In particular, the detector must be 
able to distinguish protons produced by neutrons which undergo 
quasi-elastic collisions, from single positrons.
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The response of a prototype detector to protons and positrons was 
studied In the LAMPF test channel.** For particle tracks triggering 3 
or more planes, rejection factors of 3 X 10“* were achieved with good 
positron detection efficiency. The tracking and pulse height 
information from the PDT system can be used to study tracks traversing 
the inactive lucite vails of the scintillation counters. The tracking 
ability of the PDTs also helps to eliminate accidentals which are 
uncorrelated in space. In order to achieve the desired electron-proton 
separation, the range versus energy deposited by a particle must be 
knovn accurately. The energy deposited by the particle is the sum of 
all energies deposited in the central detector along the the track of 
the particle. The amount of scintillation light received by a PUT is 
directly related to the amount of the energy deposited by the charged 
particle going through the scintillation counter viewed by the PMT. 
The size of the signal this light generates in the PMT is in turn 
determined by the gain of the PMT which is defined as the response of 
the PMT normalized with respect to that for a cosmic ray muon incident 
normally at the center of the scintillation counter. Therefore to 
identify reliably particles we must know the gains of the PMT's in the 
central detector accurately.
Neutron detection in coincidence with a positron can help to 
reject background events created by photons. Photons which convert 
into electron-positron pairs or Compton scatter in the detector can 
simulate the expected positron signal but they do not have neutrons in
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coincidence. So neutron detection vith some reasonable efficiency can 
help to reduce the background rate.
In order to achieve the above performance goals, the detector 
system must be tuned and calibrated properly. A summary of the
detector calibration process is given in the following sections.
A.2 The Calibration
The detector system is calibrated using cosmic ray muons which 
give us a large sample of tracks passing through different parts of the 
detector in a short period of time. The PDTs are used to determine the 
trajectories of these muons passing through detector.
A.2 A The Active Veto Shield Calibration
To study the efficiency of the active shield, cosmic ray data were 
taken with no veto condition ("veto'' is the condition under which the 
detector is prevented from taking data when a particle is detected 
coming through the shield). The path taken by a cosmic ray muon 
through the central detector is deduced from the tracking information 
of the PDTs. By extrapolating this path from the central detector out 
to the active shield, the points at which the cosmic ray muon entered 
and departed from the detector system (i.e. the points at which the 
active shield was hit) can be found. Therefore we know which PMTs on 
the active shield should have been hit.
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The efficiency of a PMT is calculated by taking the ratio of the 
number of hits on the PMT to the number of times a cosmic ray muon 
passes through their region of the shield. The efficiencies of the
shield PHTs can be adjusted by varying the high voltage inputs of the
PHTs. The input voltage to each PMT is adjusted individually to make
it efficient. In doing so, ve must make sure the noise level of the 
PMT is not so high as to cause excessive dead time in the system due to 
the veto signal. Since ve can reject virtually all of these charged 
particle background events caused by the shield inefficiency with an 
offline analysis program, it is better not to limit the live time of 
the experiment by vetoing on noise.
4.2 B The Central Detector
The central detector calibration procedure also involves tracking 
cosmic ray muons with the PDTs and using the position information to 
obtain optical attenuation lengths and1 muon pulse heights for each
scintillation counter.
The average pulse height measured on a PMT decreases exponentially 
with distance from the PMT as shown in fig. 12 for a typical PMT in 
our detector. The exponential attenuation lengths of the liquid 
scintillation counters are in the range 200 cm to 300 cm. The larger 
the attenuation length, the more efficient the counter, since light 
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Once the attenuation lengths are known, the position information 
from the PDTs can be used to normalize each PMT signal to the response 
of the PMT to a cosmic ray muon incident normally at the center of the 
scintillation counter. This normalized number determines the gain of 
the PMT and is then adjusted within constraints discussed below.
As stated in Chapter 3, there are two ADCs in each digitizer. The 
first ADC gives a finer resolution while the second ADC gives a larger 
range. The lover in digitizer channel number the muon peaks of the 
PHTs sit, the larger the dynamic range we can get from the 2 ADCs. 
(The muon peak is defined as the average energy deposited by a through 
muon incident normally at the center of the counter, which is 
equivalent to about 5.6 MeV for 3.0 cm of liquid scintillator.)
Already, in calibrating a PMT with a muon peak (Wpeait) above digitizer
channel 20, the energy depositions run into the high ADC due to angle 
and post ion corrections. At ” 30, 65X of the muons have energies
measured in the low ADC. At V p ^  - AO, 50X of the muons have energies
measured in the low ADC. Since ve want a systematic calibration 
between the 2 ADCs and not done entirely in the low ADC or the high 
ADC, ve keep the calibrated muon peaks between 30 to AO digitizer 
channels.
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The detailed equalization of the PMTs (i.e. setting all the PHTs 
to about the same gain) has an inpact on neutron detection, as gamma 
rays from Gadolinium capture have a very lov energy (E^ ~ 1/3 of
^minimum-ionizing^ * Th* s«nsitivity of the experiment increases when 
one requires a neutron with an event but only if backgrounds are 
thereby substantially reduced. Let us assume uncorrelated photons are 
the main source of a false neutron signal. The higher digitizer
channel the muon peak is set at, the better ve can reject the
uncorrelated photons. The lovest digitizer channel a muon peak can be 
at, while still giving us a good background rejection for uncorrelated 
photons and thus clean neutron detection, is found to be about 
digitizer channel 30. On the other hand, if muon peaks are set much
higher than channel 30, the signal from many of the gammas emitted in
the thermal neutron capture will be below threshold and are therefore 
not detected.
As a result of the considerations discussed above, ve decided to 
calibrate our central detector with the muon peaks of the scintillation 
counters at approximately digitizer channel 35.
The calibration of the PDTs is accomplished in a similar manner, 
but with a less restrictive requirement since simple tracking 
capability is the primary requirement from the PDT performance.
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In additon to the above, the efficiencies of individual PHTs and 
PDTs are also calculated. As in the calibration of the active veto 
shield, the efficiencies are fotind from the ratio of the number of 
times a PMT (PDT) registers a hit to the number of single tracks 
created by cosmic ray muons passing through that scintillation counter 
(PDT). The actual procedure to implement the above calibration is 
described in the following section.
4.3 On-Line Data Taking Program
The on-line data taking program starts with the microcode 
controllers of the digitizers. As described in chapter 3, the 
controller is a double-width Pastbus module which is placed in the 
control slot of the Fastbus crate housing the digitizers. The data 
from all digitizer channels in one fastbus crate are sent in parallel 
to the controller in the same crate. A total of 5 controllers 
connected in series are used to read out the data from all 40 planes of 
the central detector, for the full time span of 160 us (60 us before 
and 100 us after the trigger). The primitive data processing occurs in 
the controllers via microcode. Since the controller memory is limited 
to 4K words, only data above threshold are kept by the controller 
microcode. This means for any digitizer channel only the parts of the 
160 us Interval which actually show activities are retained. Thus the 
event size is variable, and depends on what was seen by the detector.
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This data is than passed through CAMAC modules to the PDP-ll(LSIll/23), 
and then transferred to the VAX-11/750.
The process of tranferring data from digitizer controllers to a 
magnetic tape written by the VAX is done for every event with maximum 
priority. Events are also available for analysis by the online 
diagnostic programs at the rate permissible by the available CPU time 
left from the data processing.
The raw event data is divided up into a series of time slices. 
Each time slice spans the> maximum POT drift time (-2 us). Vhen a 
particle enters the detector and triggers the system, all the pulses 
seen by the PDTs and the PHTs in the detector within the trigger time 
plus 2 us are recorded in the same time slice. Similarly, all events 
in the 160 us history are divided into time slices each of 2 us. 
Ideally, one time slice includes all hits in the detector system
related to one single track. The integrated pulse height, which is
proportional to the energy deposited by the charged particle, is 
calculated for each PMT pulse in that time slice and both the 
integrated pulse height and drift time are calculated for each PDT 
pulse.
Since each event is of variable length and should be self­
describing, a memory management scheme offered by the CERN ZBOOK
package is used as the basic offline data format.
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4.4 The Offline Calibration Procedure
The rav data written onto tape is first converted offline into the 
ZBOOK format which provides a mechanism to store information about 
different components of the detector, e.g. the shield, the central 
detector, etc. From the database thus created, one can extract all the 
Information about an event.
Based on a survey file which lists the relative locations of all ■ 
the POT's and the scintillation counters in the central detector with 
respect to the shield, a tracking routine is used to recreate the 
trajectory of a particle passing through the detector system. Once the 
track is located, ve can tell where the particle goes through a given
scintillation counter. This coupled with the pulse height information
of the PHTs allows us to find the attenuation length of the counter as 
follows:
The relation between the pulse height in a PMT corrected for 
normal incidence and the distance from the PMT at which the particle 
goes through the attached counter is given by:
P - C * exp <-x/A) (4.1) 1
where P - pulse height of the PMT
C - a characteristic constant of a given PMT 
x - distance of the particle from the PMT
X - the attenuation length.
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Making use of the PHTs at both ends of the counter, ve can take 
the ratio of the tvo pulse heights to get the folloving relation:
^  - §  «xp «L-2x) / X) (4.2)
vhere P(1),C(1) - pulse height of the tube at one end and its
characteristic constant 
P(2),C(2) - pulse height of the tube at the other end 
and its characteristic constant 
L - the length of the counter
x - distance of the particle from one end of the counter
X > the attenuation length.
Taking the logarithm of the above equation, ve have a linear 
equation relating the distance of the track from the PMTs to the ratio 
of the pulse heights of the PMTs at the tvo ends of the counter, 
namely:
In (P(l)/P(2)) - B - 2x/X (4.3)
vhere B * a constant.
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By a least-square fit, ve can then find the attenuation length of 
the scintillation counter by fitting the logarithm of the ratio of the 
pulse heights at the tvo ends of the counter vith respect to the 
position of the particle in the counter, for a large sample of tracks.
Using the attenuation lengths of the counters thus found, ve can 
then proceed on to equalizing the PHTs. From equation (4.1), ve have 
the relation of the pulse height of a PMT vith respect to the distance 
of a hit and the attenuation length of the counter. In order to 
equalise the gain of the PHTs, the voltages of the PMTs are adjusted so 
that a pulse height corresponding to the energy deposited by a minimum 
ionizing particle, corrected to a normal incidence at the center of the 
scintillation counter, appears in the range of digitizer channel 35 to 
40.
Problems vith any PDT's or scintillation counters can be located 
vhen no signal is received vhere a track goes through. If the 
attenuation length of a scintillation counter drops by a large amount 
in a short time, ve knov there is optical problem vith that counter. 
If dead PDTs(PHTs) or bad scintillation counters are found during 
calibration and conditions allov, they are fixed before next data run. 
If in the process of data taking any dead PDTs and PMTs show up, they 
are recorded in a calibration file. Thus vhen ve analyse events the 
detector Inefficiency due to dead PMTs and PDTs is taken into account.
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The distributions o£ the attenuation lengths of all the PMTs, the
■uon peaks of the PMTs and PDTs, and the efficiencies of the PMTs and
PDTs are as shown in the following figures (Fig.13-18)
4.5 The Use of the Calibration Results
All the calibration constants, i.e. the muon peaks of the PDTs
and the PMTs together with the attenuation lengths of all the
scintillation counters of the central detector, are recorded in a 
calibration file. Due to fluctuations of some electronic components in 
the system, these constants drift as time goes by. In order to monitor 
the detector performance regularly, we need to calibrate our detector 
about once every month. The differences of the muon peaks and the 
attenuation lengths of the scintillation counters between 2 calibration 
runs are as shown in fig(19,20). Vhenever a new calibration run is 
done, the values of the new calibration constants are appended to the 
existing calibration file vith the calibration date attached, so no 
previous information about the detector is lost. In analyzing a 
certain set of data, the offline analysis program picks up the set of 
calibration constants dated for the time period corresponding to vhen 
the data was taken.
In identifying a particle, ve know the range of the particle from 
the length of the track in the material it traverses. The energy 
deposited by the particle can be calculated using the values of the
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■uon peaks of the PHTs. Ve knov the muon peak of a PMT, corresponding 
to the energy deposited by a minimum ionizing particle, is about 5.6 
HeV. Taking the ratio of the pulse height seen by the PMT to that of a 
minimum ionizing particle, ve can thus calculate the visible energy of 
a particle entering the detector. From the trajectory of the particle, 
ve can also correct for the energy lost in the dead materials such as
the lucite vails of the counters and the cardboard vails of the PDTs.
Finding the total energy deposited in the detector and the 
corresponding range of the particle, ve can distinguish electrons and 
muons from hadronic particles like protons. Besides being used to 
eliminate backgrounds by identifying a particle from its range and 
energy, accurate calculation of the positron energy also helps us in 
finding the paramters of neutrino oscillation if ve see a signal.
4.6 Conclusion
In summary, the goal of the detector is to identify events vhich 
signify neutrino oscillation. Ve also must Isolate these events from 
all the possible backgrounds. There are many vays to eliminate the 
background events. These tasks require that all elements of the
detector be accurately calibrated.
Using cosmic ray muons, ve can continuously calibrate our
detector. Equalizing the PHTs in the central detector has an impact in
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neutron detection. In order to meet the requirements for both neutron 
detection and a large dynamic range for measuring the energies of 
protons at vide angles and near the end of their range (Note: this is
important because if the ADC is saturated, ve vill lose the information 
about the energy loss of the particle and this leads to 
misidentification of particles), the PMTs are all normalized vith a 





The main purpose of the data analysis is to identify an electron 
signal which indicates the reaction ve + p ■* e+ + n. The liquid 
scintillator in the central detector provides a rich source of proton 
targets. The signature of such an event is an electron (as mentioned 
in Chapter 3, in this thesis the term "electron" refers to both 
electron and positron as our detector cannot distinguish the charges of 
particles) contained entirely inside the central detector.
A 4AND trigger, which requires at least 4 planes out of 6 
consecutive planes in the central detector, is employed. In addition, 
the cosmic ray veto is turned on for data taking. The hardware 
requires a multiplicity of (4,3,2) for a veto, i.e., £4 PMT's in the 
cylinder and front wall combination, >3 PMT's in the end wall and/or >2 
PMT's in the cart of the active shield have to fire in order to turn on 
the veto. Vhen only one optically isolated region (see section 3.5 B) 
is hit, a long veto of 11 us is chosen. Vhen there is a coincidence 
signal in any 2 regions of the shield, a short veto of 2 us is chosen. 
Two different gates are opened for event triggers. The beam on gate is 
open while the beam is present at the beam stop. The beam off gate is 
open during a part of the interval when no beam is present at the beam
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stop. Both bean associated and cosmic ray events are contained in the 
beam-on gate. In the beam-off gate, there are only cosmic ray events. 
The data sample being studied in this thesis vas obtained from a one 
month running period (mid-Nov to mid-Dec, 1986).
The hardware is set up so that the detector is triggered by any 
charged particle going through at least 4 modules of the central 
detector and the time at which this occurs defines the "in-time slice". 
(Recall all the data for an event is arranged in time slices as 
described in section 4.3.) The first thing we look, for in an event is a 
track in this time slice. Once an in-time track is found, it is then 
tested for containment inside the central detector. From the PDT 
tracking we can locate the tvo endpoints of the track. If one or both 
of these endpoints fall outside the fiducial volume of the detector, 
then the track may be caused by a charged particle from the cosmic ray 
flux. The event is therefore rejected. If both endpoints are within 
the fiducial volume of the detector, then ve look at the energy 
deposited by the particle and its range Inside the detector. Ve can in
*The fiducial volume of the central detector is the total physical 
volume of the detector vith a thin outer layer removed. Here the thin 
outer layer is defined by one module from each end of the detector, and 
one PDT wire spacing from the sides of the detector, which corresponds 
to a 15% cut (A "cut" means discarding the events which do not meet 
certain Imposed criteria) on the total volume of the detector.
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most cases distinguish particles like pions or protons from an electron 
by knowing the range and energy of the particle. But, there are still 
other criteria to be met before ve can conclude this is an event of the 
type ve are looking for. Certain backgrounds are very obvious and can 
be easily eliminated in the event selection process.
In order to test if an electron-like event found above is caused
by a cosmic ray muon that stopped in the detector and decayed, ve have 
to look into the history of the event. If, in the history, a track is 
found vith the energy deposit pattern of a muon and one end comes close 
to an end point of the in-time contained track, then the event is 
almost certainly a stopping muon event instead of a neutrino 
oscillation event. Thus the event is not accepted.
Besides looking for stopping muon events, ve also have to look for 
any particle going through the active shield undetected and giving off 
an electron inside the central detector. No matter hov efficient ve
try to keep the active shield, there still are some weak spots as
explained in a later section. If the multiplicity of the shield PMTs 
is not high enough to fire the veto vhen the shield is lit by a
particle passing through, the event may not be vetoed. However there
is information in the shield which ve can make use of and eventually
such an event can be elimimated as discussed later.
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After the above event selection, ve have a collection of contained 
electron-like events. But there are residual backgrounds which cannot 
be eliminated entirely by the event selection mentioned above. These 
backgrounds will be discussed in chapter VI. In this chapter, details 
in the mechanism of event selection are discussed.
5.2 Selection of Potential Anti-electron Neutrino Candidates
5.2 A Track Finding
In order to discard triggers caused by noise or random signals in 
our detector, ve require a track in the detector. The following 
procedure is used to define a track in the central detector.
Pulses are required in some reasonable fraction of adjacent 
X-PDT/Y-PDT planes and scintillation planes. Starting vith the 
outermost planes hit, and using the elements of these planes which are 
hit, a road is defined with a certain vidth. Every device along the 
road is checked for hits. A linear fit to all hits along the road is 
used to define a track in each of the horizontal and vertical view.
The hits which are used to define one track can be distinguished from
other hits along the road so that more than one track may be found.
Since ve have to allow for inefficient or dead PDTs and PHTs in the
detector, a fraction of missing PDT or scintillation counter hits is 
allowed along the track. The track found in the horizontal view is
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then combined vith the track found separately in the vertical viev by 
■etching the endpoints of the tvo tracks. Ve allov the separation of 
the endpoints of the tvo vievs to be ±1 plane to account for both the 
geometry and detector inefficiency.
5.2 B Identification of Particles
5.2 B1 Through Going Tracks
The majority of the hadronic particles in the cosmic ray flux vill 
be absorbed by the overburden. The particles vhich penetrate all the 
shieldlngs of our detector system come mostly from the cosmic ray 
muons. Host of the time, the veto vill fire vhen a charged particle is 
detected going through the active shield. Due to cracks (e.g. the 
supporting structures) in the active shield and other factors (see part 
B4 of this section) causing inefficiencies in vetoing, some of the 
charged particles in the cosmic ray flux can still trigger the 
detector.
Most of these charged particles vill just pass through the central 
detector, leaving a track indicating the locations vhere the particle 
enters and exits. By using a fiducial cut on the central detector, ve 
can eliminate these tracks caused by the through going charged 
particles from the cosmic rays. That is, if both endpoints of the
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track lie outside the fiducial volume of the central detector, the 
track is discarded.
If one of the endpoints of a track lies vithin the fiducial volume 
of the central detector while the other one does not, we still discard 
the event. Such tracks are likely created by charged particles which 
enter and interact in the detector, or photons which interact inside 
the passive shielding (the lead and steel combination) of the detector 
system. Only if a contained track is found, i.e., both endpoints of 
the track lie within the fiducial volume of the central detector, do we 
go on with further tests.
The scatter plots in Figures 21 & 22 show the visible energies of 
a small sample of the tracks versus their range, before and after the 
cut on the fiducial volume. A densely populated component with the 
slope equivalent to that of a minimum ionizing particle (m.i.p.) can be 
seen in fig. 21. After the fiducial volume cut, as shown in fig. 22, 
this component of slope corresponding to dE/dx « 1 m.i.p. is much 
diminished, Indicating those particles being cut are indeed through 
going muons from the cosmic ray flux. Two slightly separated regions 
remain in the scatter plot (fig.22). This separation is essential for 
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5.2 B2 Identification of the Particles in the Data Sample 
of Contained Tracks
Different kinds of particles such as protons, pions, muons and 
electrons exist in the data sample of contained tracks. When energetic 
neutrons from either the beam or cosmic ray flux scatter inelastically 
within the target cells inside the central detector, protons are 
produced. Pions are produced by hadronic interactions in the detector 
and muons from pion decay. In order to identify the different 
particles in the data sample, ve make use of the energy-range 
information obtained from the central detector.
As shown in the distribution of dE/dx (Fig.23), there is a 
distinct separation of at least two families in the various particles 
in the data sample. For the electrons, dE/dx is equivalent to that of 
a minimum ionizing particle (m.i.p.). Thus, a cut is imposed requiring 
that particles to be kept have dE/dx £ 1.6 mip. The tracks cut are 
mostly protons and pions. Nuons are eliminated by:looking into the 
future for decays as discussed below.
Ve now have a data sample of contained tracks whose energy and 
range are consistent with electron-like particles. The next step is to 
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5.2 B3 Electrons Created by Stopping Muons
The daughter electrons of stopping muons which subsequently decayt 
are in the energy window of our candidate events. Thus, once we find 
an electron-like event, ve look for any track in the event history 
which enters the detector and stops close to one of the endpoints of 
the first track found. In order not to cut too many good events due to 
uncorrelated tracks, ve require both spatial and time correlations of 
the tracks. For the time correlation, ve look back into a history of 
20 us from the in-time track. The spatial correlation is limited by 
the dead material in the central detector. Figure 24 shows a plot of 
the distribution of the separation between the stopped muon track and 
the track of the daughter electron. The thickness of one modular plane 
(i.e., one scintillation plane + one X & Y PDT plane) is about 7 inches 
(-17.8cm). Taking the dead material into account, and also allowing 
for the steep angle of many of the tracks found, a spatial separation 
of 50 cm is allowed for the separation of the endpoints. If such a 
track is found, the electron-like event most probably was created by a 
stopped muon which decayed. Thus the event is discarded.
To eliminate the possibility that the in-time contained track may 
be a muon, ve look into the future. If a second track is found which 
is both time and spatially correlated with the in-time track, the 
in-time track is most likely a muon which decays to give an electron. 
The event will then also be discarded.
CUT
SEPARATION OF STOPPED MUQN TRACKS
ris. 24
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5.2 B4 Electrons Created by Photons
Gammas entering Cron outside the active shield are virtually all 
converted inside the passive shield. The nost serious source of 
photons in our detector is from charged particles which interact inside 
the passive shield without firing the active veto, especially electron 
and muon bremstrahlung. These photons may travel undetected until they 
undergo pair conversion or Compton scatter inside the central detector.
In the case of pair production, if both daugther particles are 
detected, we would have two electron-like tracks inside the detector, 
coming from the same vertex. Then the event is easily rejected. 
However for Compton scattering and for some cases of pair production, 
only one track will be found. If this track has an energy in the range 
expected for + p -* «+ + n It will look just like a signal. In order 
to reduce this background, we look into the active veto shield for 
evidence of the particle which led to the photon.
Under normal conditions, the veto will be fired when any charged 
particles go through the active shield and the number of shield PMT 
hits is high enough to meet the mutiplicity requirements. Due to 
inefficiencies in the veto shield, however, there are cases where no 
veto is fired even when a charged particle goes through the active 
shield. Factors which lead to these inefficiencies are: (1) Cracks
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(e.g. the supporting structures) in the active shield which are blind 
to the charged particles. (2) One or more shield PMT in a localized 
area may be weak thus causing difficulty in meeting the multiplicity 
requirement. (3) A charged particle may go directly through a shield 
PHT. That particular shield PHT signal will be saturated but other 
close by shield PHTs may not have enough light to fire the multiplicity 
threshold.
In order to elimlaate events where such unvetoed particles lead to 
photons being produced inside the passive shield and subsequently 
converting into electrons in the central detector, ve consider time 
correlations between electron candidates and any shield PHT hits. If 
the shield has hits within 20 us of when the electron is found in the 
central detector, the event is rejected. A spatial correlation 
requirement between the track in the central detector and the location 
of the hits in the shield helps to decrease the chance of discarding a 
good event. Since the separations between the shield PMTs are 100 to 
150 cm, and allowing some error in projecting the tracks from the 
central detector onto the shield, a reasonable total separation between 
the tracks thus projected and the location of the shield PHT hits 
allowed is about 300 cm. Host of the events discarded by this method 
are actually stopped muon events which are not found with the stopped 
muon criteria set in the previous section because the muon found a 
crack in the central detector and was not reconstructed.
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5.2 B5 Total Energy Cut
Particles can be identified by their range versus energy deposited 
in the central detector. Thus the dE/dx cut made in an earlier stage 
eliminates the majority of the background due to protons and pions. 
But some of them may still leak through the cut. If a particle
deposits energy in some weak counters, the average dE/dx along the 
track can be small. However, many of these remaining hadrons will have 
total energies not in the range expected for an oscillaton signal (i.e.
20-50 HeV). Also many electrons produced by background Interactions
like neutrinos from pion decay in flight are not in the energy window 
of our candidate events. Thus a cut on the visible energy of the 
particle can reduce our background due to interactions other than ■+
ve <or* ve * ve)*
A visible energy of one m.i.p. (minimum ionizing partilce) is 
equivalent to about 5.6 HeV in 3 cm of liquid scintillator (i.e. one 
muon-peak as defined in Chapter 4). Taking into account the dead 
material (e.g. cardboard in the PDTs and the lucite walls of the 
scintillation counters), the most probable energy loss of 1 m.i.p.
incident normally is about 8.0 HeV in 1 modular plane in the central 
detector. As shown in figure 4 (spectra of the neutrino beams at 
LAMPF), the maximum energy of the anti-muon neutrinos available is 53 
HeV, equivalent to a total (visible + invisble) energy deposit of 7 
mip's in the central detector. This implies the energy of the electron
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created in a neutrino oscillation event is £ 7 nip. Therefore,
allowing for resolution, a cut requiring that the total energy 
deposited by the particle in the central detector is < 8 nip is imposed 
on our potential event candidates.
5.3 Summary of the Events Classified by the Software
A computer program selects the event candidates according to the - 
above criteria. The following is a brief summary of the events 
selected by this program.
No. of events in the raw data sample 319,316
No. of tracked events 251,411
No. of contained events 57,767
No. of proton-like events (dE/dx cut only) 21,087
No. of stopped muon events 26,905
No. of events cut with shield activity 7,918
No. of electron-like events before energy cut 1,794
No. of electron-like events after energy cut 336
The event selection program is run by a computer which has no
I
judgement on any individual event. Since we do not want all events, 
especially any real signal event, to be cut away by the program, ve use 
rather loose criteria for the event selection done by the program. 
Therefore, this data sample selected by software is still not the final 
data sample. The next step is to hand scan the events.
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5.4 Summary of the Event Classifications after Hand scanning
Figure 25 shovs an electron-like event detected in our detector. 
The activity in the shield occured 40 us before the in-tine event. 
There is no other track in the central detector vithin the entire 60 us 
history. Also, this event satisfies our range and energy requirements 
imposed for an electron. Examples of some background events which are 
not cut by the software cutter but did not pass the hand scanning 
process are: (1) Proton-like events: In the software, only the average 
dE/dx along the track is considered. During hand scanning, dE/dx for 
individual scintillation counter is considered. Thus if the particle 
goes through a counter with a dead or weak PHT, the energy seen by the 
counter is small and so is the resulting average dE/dx for the track. 
But the PMTs of other counters along the track will have a large pulse 
height and therefore high dE/dx for individual counters. An example of 
a particle which goes through a crack in the central detector and thus 
has too low an energy deposit and a small averaged dE/dx is shown in 
Fig. 26. (2) Stopped muon event: The muon coming from outside the
detector may have gone through dead material (or dead PDTs) before 
stopping. It is difficult for the software to identify such a track as 
coming from outside of the fiducial volume. Hand scanning identifies 
such a process (Fig.27). (3) An example of a pair production where the
track finder identifies two contained tracks is as shown in Fig.28.
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After hand scanning of the data sample selected by the program, 
the final breakdown of the numbers of different events found are as 
follows:
no. of events for hand-scanning 336(100.OX)
No. of proton-like events 145( 43.2X)
No. of stopped muon events 98( 29.2X)
No. of other background events 44( 13.OX)
No. of electron-like events in the final sample 49( 14.6X)
In the above final sample of electron-like events:
Beam On Beam Off
No. of events: 34 15
Rate per Day : 3.0±1.0 0.47±0.15
Ve will discuss the implications of this event sample after ve 
have investigated the backgrounds in this experiment which are not 




In addition to a possible real oscillation signal, various 
backgrounds contribute to electron-like events seen in the experiment. 
The detector is designed to reject as much background as possible with 
hardware. As mentioned in an earlier chapter, the overburden helps to 
absorb most of the hadronic cosmic ray flux. The active veto shield 
helps to prevent triggers caused by charged particles coming from both 
the beam and the cosmic ray flux.
Background events which leak through the hardware rejection still 
can be rejected with the event selection software, as explained in 
Chapter S. The PDT tracking gives the trajectory of the particle. 
This helps in rejecting through going charged particles from the cosmic 
ray flux. The pulse height information from the scintillation counters 
gives the energy of the track. Vith the energy and range information 
on the particle, we can reject those particles not consistent vith an 
electron energy deposit.
The above mentioned backgrounds are easily identified. But there 
are still other sources of background events which are not easily 
distinguished from real signal events. There will be events embedded
100
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in the final data sample of potential neutrino oscillation events 
caused by these more subtle backgrounds. These backgrounds can be 
classified into tvo categories: (1) The beam associated background, and 
(2) The non-beam associated (cosmic ray) background. The following 
sections contain detailed discussions of these backgrounds.
6.2 Beam Associated Backgrounds
6.2 A. Electrons Created by \>f Interactions in the Central Detector
Recall that when protons are stopped in the beam stop, ve's are 
created through the following reaction chain:
«+ V+ + ^
e+ + + \^ .
These electron neutrinos interact with the material in the central 
detector and create electrons principally via the following reactions:
a(cm2+) Q(MeV)
ve + c12 + 6 - 7n12 + e“: 1.5 * 10"41 -17.34 (i)
ve + 6‘13 -♦ 7(N*)13 + e“: 6.0 ★ 10-41 -15.42 (ii)
ve + 8°16 - 9(F*>16 + e“: 0.5 ★ 10-41 -2.20 (iii)
ve +13ai27 -♦ Si27 14s + e": 6.0 ik 10-41 -4.80 <iv)
"’’Reference: S. Willis's Thesis, LA-8030-T
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These reactions are potentially serious backgrounds since as 
aentioned before ve do not determine the charge of the electron. Thus 
vhen ve detect an electron-like particle, ve cannot tell if it is a 
positron or an electron. The above four reactions are the most serious 
because of either the abundance of the material in the detector or the 
large cross section for the interaction.
Let us look at the background rates due to these reactions. The
average cross sections for the above four interactions are calcuated
for a \>c energy in the range from 0 to 53 HeV. These cross sections 
are much suppressed (as compared vith that for the reaction v0p ■* e+n)
due to nuclear effects. The background rates can be calculated from
the folloving equation:
Rate - || (Nv/4xr2)NI(r)C0(Sv)f(Ev)dEvd3r, (1)
A +
vhere Nv/4ur a neutrino flux at a distance r from the source,
NT(r) a number of targets/cm ,
- (detector mass for a particular element/mol. vt.) *
(# of nuclei/molecule) * (Avogadro's number), 
e a average efficiency of event detection,
o(Ev) a cross section (cm2) for different reactions as a
function of energy of the neutrino &v,
f(EM) a normalised neutrino energy spectrum (dNv/dEv)
rEmaxsuch that I f(Ev)dEv • 1.
Jo
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The number of targets Mj.(r) for the different materials In the 
central detector have been calculated and are tabulated in appendix 1. 
Assuming the targets are uniformly distributed in the central detector, 
ve can put this term outside of the integral and call it Mj. The 
average detection efficiency can also be taken outside of the integral. 
Thus the above integral can be written as:
Rate - eNT J (N̂ /4iir2)d3r J e(Ev)f<Ev)dEv, (2)
The first integral gives the neutrino flux integrated over the 
central detector. This integral has been done numerically vith the 
detector at a distance of 26 m avay from the beam stop. The result is:
I (N.,/4itr2)d3r « ~  * 13.95 cm (3)' » 4Jt
The number of neutrinos produced per second at the beam stop (Nv) 
can be estimated as follows. Consider the neutrinos created in the 
decay chain:
■* U+ + My
-> e+ + ve + . (4)
104
The plon flux depends on the number of protons stopped in the beam 
stop, the configuration of the upstream targets, isotope production 
stringers, and the beam stop material. The numbers of each type of 
neutrinos produced In the decay chain shown in equation (4) are equal 
(i.e., ■ Nv).
The neutrino yield per proton for the copper beam stop has been 
measured by Chen4^’̂  to be 0.0571±0.0035 at a proton kinetic energy of 
720 HeV. When extraploated to current LAMPF energies (T-780 HeV), y *  
decays per incident proton - 0.06910.07. A 20 cm water degrader in 
front of the beam stop (which is equivalent to an increase of 30X in 
the proton beam current), enhances the number of p+ decays per proton 
to 0.089±0.11.^ This is the, number used in the present calcuation.
In the winter 1986 running period, we collected data for 11.25 
LAHPF days+ with a total charge of 812.2 coulomb, i.e. an average of
72.2 coulomb/day or a proton beam current of 835 yA. This is 
equivalent to a total of 5.08*10^ protons at the beam stop. 
Therefore, the total number of neutrinos at the beam stop over the 
whole running period is given by:
Nv * total running time - 0.089 * 5.08 * 10^* - 4.52 * 10^®
T Ve collected data for 63013.43 seconds with beam on. This is
equivalent to 11.25 LAHPF day if we assume a 6.5X duty cycle of the 
proton beam at LAHPF (i.e. 5600 s/day)
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Equation (3) above then obtains a value of :
| (NvMnr2)d3r - ^  * 13.95
- 5.02 * 1020 cm / (11.25 days)
- 5.16 * 101A cm/s
The second integral in equation (2) has been calculated for the 
different interactions (i), (ii), <iii), and (iv),A2. It is integrated 
over the energy spectrum of the electron neutrinos which is given by 
the formula (refer to the equation on page 32):
f(EVe) - 12k2(1-k) where k - E ^  / Emax
and Eaax - Mass of muon / 2.
The average values for the different cross sections are listed on page 
101. The o(E)f(E) distribution for \>ep, ved, »eC, ve0 as a function of 
neutrino energy is as shown in figure (29). Calculation of the 
o(E)f(E) distribution for the vep interaction is discussed in Appendix 
2 .
t
Combining the values of the different terms as calculated above, 
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Hass in C.D. <e(ve)f(ve)> nt Events/Day
(106gm.) (cm2) e-1. Events Detected
c12 14.73 1.5*10~41 7.80*1021 5.22 0.21±0.10
c13 0.15 6.ono-41 7.33*1019 0.20 0.03±0.01
016 2.34 0.5*10"41 9.28*1020 0.21 0.01±0.005
Al27 0.18 6.0*10~41 4.24*1019 0.10 0.02±0.01
From figure (29) ve can see that the background event rates
contributed by carbon, and oxygen are dominant for low energy
12neutrinos. An acceptance study for the interaction C has been 
done. A sample of electrons is generated vith a flat energy spectrum 
from 0 to 35 HeV. It is then folloved through the detector geometry 
vith the SLAC E6S code.** Vhen veighed vith the energy spectrum of the 
interaction veC, 7.13* of these events triggered the detector under the 
4AND trigger requirement. Out of these triggered events, 57.69(±3.0)* 
passed the selection program. Under hand scanning, 98.0(±1)X of these 
program selected events vas kept. Thus the total acceptance is found 
to be 4.03(12.0)*. The acceptance of the interaction ve3®0 is assumed 
to be the same as that of ve*2C, vhich is justified as shovn by the 
spectra in figure (29). Because of the nuclear structure of *3C an(j 
27A1, the acceptance for the interactions \»e13C and ve27Al is assumed 
to be the same as that for the v0p (vhich is discussed in detail in
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Chapter 7). This will give us an upper limit of the background events. 
The estimated background events vith the calculated acceptance is 
listed in the table 6.1. These background events can be further 
distinguished from a neutrino oscillation signal event vith neutron 
detection. If ve can see a neutron in coincidence vith an 
electron-like event in the case of v#p ■+ ne+ , then ve can be almost 
certain it is not a background event.
6.2 B. Neutrinos Created by Pion Decay in Flight
Another source of background comes from higher energy neutrinos 
created by pion decay in flight. The in-flight pion decay comes about 
in the folloving manner. The 20 cm vater degrader in front of the beam 
stop acts as a target vhich is equivalent to 10 cm of carbon. Pions 
are produced vhen the proton beam hits the vater degrader. The pions 
thus produced can decay in-flight in the space betveen the vater 
degrader and the beam stop. A detailed description of the beam stop 
structure vill be discussed in the folloving section vhere background 
events from the beam neutrons are discussed.
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For plon decay In flight, all decay modes are allowed. They are 
the following:
n* u* +
U ** + ve(v€) + ,
n* -► e* + ve(ve)
In order to estimate the background event rate caused by plon decay in 
flight, we do the following calcuations. Consider a 1 oA proton beam 
of 770 MeV incident on the 20 cm water degrader followed by a decay 
tunnel 25.4 cm in diameter and 1 m long. One can calculate by a Monte 
Carlo simulation the average fluxes of the different types of neutrinos 
which result in a detector located 26 m away from the target. The 
values4  ̂are as follows:
N(M^,r-26m) - 2.97 * 109 
N(Up,r«26m) - 3.82 * 108 
N(ve,r-26m) - 7.32 * 106 
N(vft,r-26m) - 6.79 * 10^
/m2-s r*.•Csl1 * 105 2/cm -s
/m2-s - 3.82 * 104 /cm2-s
/m2-s - 7.32 * 102 2/cm -s
/m2-s - 6.79 * 101 /cm2-s
Assuming the flux is uniformly distributed over the entire
f Nv .
detector, the integral — V* * ■ N yields:
J 4nr
N(\^) « 2.82 * 10« cm/s
N(\^) - 3.62 * 1012 cm/s
N(ve) » 6.94 * 1010 cm/s
N(v€) - 6.44 * 109 cm/s
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Table 6.2 lists the cross sections for the background interactions 
these neutrinos can induce and the corresponding background rates in 
the central detector. The background event rates are calculated by the 
same procedure used in section 6.2 A.
As can be seen from Table 6.2, the backgrounds from pion decay in 
flight can be classified into tvo main catergoriest (1) the 
interactions of v£(ve) and (2) the interactions of vith the
target materials. Let us first look at the backgrounds Since
all the interactions occur vith energetic neutrinos, the leptons in the 
final states also have higher energies. An example of such an event is 
as shown in figure 30. Figure 31 plots the cross sections for the 
reaction, ve(^)C. From this plot, ve see that by imposing an energy 
cut of 70 MeV (i.e. ~9mip) on the electron in the final state, ve can 
lover the background rates due to by a factor of 10. Similarly, the 
back ground due to \>e can also be reduced by the same factor.
The more severe background comes from the interaction of 
with the target materials. Vhen the energies of the muons produced by 
\^'s from pion decay in flight are high, ve can also just impose an 
energy cut as in the case of the interactions of v£ and v£. However, 
vhen the energies of the muons produced by pion decay in flight are not 




________________________(1Q~39cb2)_______ All E E<70 HeV
V -> e'X 3.00 1.42*10“* 1.42*10“2
veAl e“X 7.00 1.78*10~3 1.78*10“4
v -» e+X 1.00 4,38*10“3 4.38*10“4
veAl -* e+X 2.00 4.72*10“5 4.72*10“6
-» e+v 1.94 1.05*10“3 1.05*10“4
Table 6.2b
Interactions <o<\^)>+ Event/Day
___________________ (10~39cm2)_____ All E_____ Events Detected
\^C -> u“X l.00 19.18 0.2±0.04
L e“^
\^A1 -*■ u“X 2.30 2.38*10“1 2.4±0.5 *10“3
L  e“vp
-* M+X 0.30 7.39*10“1 7.4±1.5 *10“3
*
^A1 ■+ y+X 0.70 9.28*10“3 9.3±2.0 *10~5
I-* e+-^
\!̂ p -Hi+v 0.70 2.10*10“* 2.1±0.5 *10~3
+ All cross sections are calculated at an average energy of 150 KeV. 
This is the average energy of neutrinos created by the pion decay 
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last stag* come from decay of a stopped muon, their energies are in the 
energy window of our signal event. Therefore, no energy cut can be 
imposed to discard these events. The only way to discard these 
backgrounds froa is to identify the decay nuon produced by the
by locating either a track or else extra energy deposits correlated 
in space and time vith one end of the electron track.
A Monte Carlo simulation of muon events was used to study this • 
background due to the interaction of \^C. Muons are generated with a 
flat energy spectrum from the rest mass of muon (n̂ ,) to (200 + n̂ ,) MeV. 
Then these muons are propagated through the detector geometry using a 
modification of the SLAC EGS3 code. The percentage of these events 
which trigger the system under the 4AND requirement is found by 
weighting'4' the flat energy spectrum vith the distribution of the 
function do(k)*dN(k)/dk vith respect to the energy k, which is as shown 
in figure 32. It is found to be 35.35K. Out of this 35.35* of the 
events, 11.8(±3.0)X were kept by the event selection program. Another 
80(±5)X of the events kept by the software selection were discarded by 
hand scanning of the events. Thus the final sample kept is only 
0.8(t0.2)X of the original data sample. Prom this ve estimate the 
numbers of background events caused by the from pion decays.
They are as listed in table 6.2b.
* A detailed example is discussed in Chapter 7.
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Fig. 32: Distribution of Event Rate vs Energy 
for VpC Interactions
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In this section, backgrounds from neutrinos created in pion decay 
in flight are studied. It is estimated the total number of background 
events contributed is <0.3 per day, among which the background due to 
\^C interation contributed most. This amount of background would 
significantly affect the sensitivity to neutrino oscillations in future 
runs vith this experiment. Measures are being taken to minimize the 
hollow space between the water degrader and the copper beam stop so as 
to reduce the backgrounds due to pion decay in flight in future runs.
6.2 C. Background Events Caused by the Beam Neutrons
During the 1986 data cycle, ve encountered a severe problem vith 
the beam neutron background which essentially masked all other sources 
of background. Ve believe that most of the irreducible backgrounds in 
this experiment, i.e. background which yield an electron-like event in 
the correct energy range and no other activity, are neutron induced 
(e.g. by nuclear bremsstrahlung, proton misidentification, etc.). The 
neutron flux is estimated by using recoil protons+ which satisfy the
* A recoil proton is produced in a np scattering where a charge is 
exchange between a neutron and a proton as the neutron approaches a 
nucleus.
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4AND trigger. These proton tracks are identified as contained tracks 
having a dE/dx £ 1.6 mip. As ve shall shov, the spatial distributions 
of such protons and the electron candidates in the final sample are 
quite similar indicating that most of our signal is indeed neutron 
induced, so it is of much interest to understand the neutron flux. In 
this section the beam associated neutrons are considered. Cosmic ray 
neutrons are discussed in a later section.
6.2 Cl The Beam Related Neutron Flux
In order to study the beam related neutron flux, ve need to 
understand the different materials that particles go through betveen 
the front of the beam stop'1' and the detector. Neutrons produced in the 
beam-stop propagate through approximately 8.4 meters of steel 
equivalent before reaching the detector. Table 6.3 lists the materials 
the neutrons gjcr- through:
’r In this section, the beam stop refers to the copper section of the 




Material Between Beam-Stop and Detector
Material







Cu Beam Stop 523 175 5.04*10"2
Steel in B.S. 1067 171 1.95*10-3
A6 Vault Vail 218 156 2.47*10"*
Steel outside B.S. 598 171 3.03*10_Z
Tuft Berm 2290 156 4.21*10'7
Headvall 182 156 3.11*10_1
I| Total(Fe equi.) 6620 171 1.50*10-17
TT This estimation of attenuation is calculated along the direct line 
from the beam to the detector and effects due to solid angle are 
ignored.
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The LAMPF proton beam produces -10^ neutrons/C in the beam-stop. 
After propagation through the intervening shielding, ve measure a rate 
of -20 recoil protons/C (Neutron Energy £200 HeV), which corresponds to 
a reduction of the neutron flux by 16-17 orders of magnitude. This 
assumes: (1) an energy distribution of dN/dE - E"*'®, so that 16X of 
the neutrons produced at the beam stop have energies greater than 200 
HeV, and (2) there is 1 recoil proton per energetic neutron. This is 
justified as the cross section for (n,p) is an order of 10J larger than 
that of (n,pp). Ve have learned about the nature of the beam related 
neutron flux by the spatial distribution of the recoil protons they 
produce, and hov the isotope production stringers'*' have affected these 
distributions.
Figure 33 shovs a detailed diagram of the internal structure of 
the beam stop. First ve review the measured proton rates vith respect 
to the number of stringers in place, which are summarized in Table 6.4.
Figure 34 plots these rates as a function of the number of 
stringers in the beam. Superimposed is a line shoving the attenuation 
expected in materials like iron or copper. This good agreement is 
largely due to the fact that the high-energy neutrons are strongly
+Each stringer has the shape of a cylindrical puck, 7.62 cm in diameter
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collimated and therefore even a 3” disk vill cover the entire solid 
angle. The main effect of the stringers is to reduce the neutron flux. 
Thus the reduction in proton rates vith the number of stringers in the 
beam stop indicates the protons are indeed due to beam neutrons. The 
insert in Figure 34 shovs the results of a Monte Carlo simulation vith 
various amounts of material in the beam-stop. The agreement vith the 
data confirms the above observation.
The spatial distribution of these protons in the detector is quite 
distinctive. Vhen the recoil proton tracks are projected back onto the 
front vail of the tunnel, they all seem to come from a concentrated 
location outside of the detector, as shovn in figure 35. The 
cosmic-ray contributions to the scatter plot have been subtracted, so 
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is an external hot spot from which neutrons diffuse into our detector 
through soae weak spots in our shielding.
Proton recoil tracks in general do not follow the incident neutron 
direction as assuaed. However, the procedure using recoil proton 
tracks to locate the source of the neutron background is partially 
justified because the 4AND trigger requirement selects only the highest 
energy recoil protons which are those produced in the forward 
direction. In summary, the evidence strongly suggests a serious source 
of high energy neutrons along the beam which diffuse into our detector 
through some weak spots in the shielding.
The suggestion of an external hot spot is supported by the
evidence shown in figure 36: On the beam-axis and four feet from the
tunnel headwall is the end of a pipe which was installed when the beam 
stop was built to make neutron ports available for the future. LAMPF
informed us that it had been plugged at the upstream end with an
estimated 320 cm of iron before the 1986 data run cycle. This amount 
of material was considered marginal and could affect the quality of our 
data. But even worse, during summer 1987 when the beam stop was being 
worked on, only ~210 cm of iron was found inside the pipe. This 
undoubtedly was the main source of our beam neutron background.
Measures are now being taken to fill the rest of the neutron pipe 
and to install extra iron behind the headwall in case other sources
■CEHIFfl.INE
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of beam neutrons such as a direct diffusion from the beam stop should 
then become significant.
6.2 C2 Irreducible Backgrounds from Neutrons
As stated in an earlier section, the spatial distributions of the 
proton-like events and the potential neutrino oscillation signal are 
quite similar. The same projection of the tracks onto the vail of the 
tunnel for the electron candidates is plotted in figure 37. The 
similarities between figures 35 and 37 suggest that our electron-like 
events are caused largely by neutrons, disguised as mlsidentified 
protons or from interactions which result in n ■+ y e.
An estimation of how well ve can distinguish a proton from an 
electron was done during a beam test in 1983. The results shoved that 
1 in 4000 protons would be mlsidentified as an electron. This 
background contribution is discussed in section 6.2 C4. The following 
section gives a more detailed estimation on the background arising from 
the interactions which results in n + y ■» e. As a warning, because of 
the crude model of the detector used in the Monte Carlo simulations of 
neutrons and the large uncertainties in the calculations of the cross 
sections for the pion interactions ve are going to discuss, the 
following Is just a very rough estimation of the neutron backgrounds. 
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background events per day ve nay find in the detector vhich can be 
compared vith our data sample.
6.2 C3 Interactions of Neutrons in the Detector
First of all, let us see hov an energetic neutron interacts to 
yield electrons inside our detector. There are 2 main interaction 
processes: (1) evaporation vhere a nucleon in the outermost shell of an 
excited nucleus is released, and (2) nucleon-meson cascade production 
in vhich n,p,R±>0 and gammas are produced.
This background is studied by Monte Carlo simulation. The 800 MeV 
beam neutrons vere propagated through the detector geometry using the 
BETC (High Energy Transport Code)4** The flux distribution is assumed to 
follov the relation dN/dE - E-**®, vhich is a typical attenution of 
neutron flux from accelerators. All interactions of the 800 MeV 
neutrons in the detector vere folloved until the energies of the
particles drop belov 10 MeV. The results are as shovn in the folloving
table (Table 6.5). As a brief summary, the numbers of different
particles produced per neutron in the energy range from 10 to 800 MeV
are:
Energy Initial State Final State
MeV n n p n+ it* »T
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For a proton to trigger our detector, the energy has to be greater 
than 100 MeV. That cuts the effective number of protons from 2.41 to
0.9 per incident neutron. From the dE/dx cut on the events, ve can
Identify most of the proton-like events (mlsidentified protons are 
discussed later).
The design of neutron detection vith gadolinium is most efficient
for lov energy (£0.1 eV) thermal neutrons. (Ve detect these
thermalized neutrons by detecting the gammas released.) Thus our 
detector is relatively transparent to the energetic neutrons except for 
the neutrons vith energy £20 MeV. It is because of the folloving 
dominant reaction: n + -* n' + + y (Threshold at 4.7 MeV) vhich
emits y vith energy of 4.43 MeV.^ As the energies of electron-positron 
pairs produced by these gammas are very lov, fev of them can trigger 
the detector under the 4AND trigger requirement. Therefore, this 
source of electrons (or, positrons) from the interaction process n -* y 
-» e should not cause any problem as compared vith the other sources 
discussed belov.
The most severe backgrounds induced by the beam neutrons come from 
the pions. Consider the folloving interactions:
+ «+ + »e + \  •
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Jt“-capture:
Jl-p -* ny 
Jl“p ■+• n.2y 
n"p -► nn°L 2y
All gammas then undergo pair productions to give e+e~.
Ve see that electrons (positrons) are produced in the final state 
of all the above interaction. In order to estimate the numbers of 
these electrons produced in our detector, ve did the folloving 
calculation. The beam-excess proton rate as shovn on page 153 in 
Chapter 7 vas 0.218/s. This is equivalent to -1300 protons per day. 
This rate is found vith protons of energies high enough to trigger our 
detector. To account for the full energy range of 0 to 800 HeV and the 
acceptance, the number of protons in our detector is found to be -24000 
per day. Using the ratio of pions to protons produced as shovn in 




All the above pions produced are in the energy range of 10 to 400 
MeV. The spectra of the flux distributions vith respect to energy 
<dN/dE) peak at E -100 MeV.
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The n*'s can be identified during the event selection process vith 
decays vhich give euons and subsequently electrons. If the n+ decays 
at rest, the daughter muon has little kinetic energy and does not leave 
a track in the detector. If only tvo tracks out of three can be 
identified, these events look just like the \^(^> background events as 
discussed in section 6.2 B vhere decays of pions in-flight at the beam 
stop vere discussed. A study of this background has been done vith 
Honte Carlo simulation. Pions are generated vith a flat energy
spectrum from the rest mass (m^) up to (400 + mn) MeV. The events are 
then veighed vith the energy spectrum as listed in table 6.5 to find 
the 4AND trigger efficiency. About 49.82X of the events passed the 
trigger requirement. Only (3.5±1.5)X of the events that triggered our 
detector are kept by the selection program. During hand scanning, 
5(±2)X of the program selected events are kept. Thus a final
percentage of the Monte Carlo events kept is found to be 0.20(±0.1)X. 
As a result, out of the 130 n+ produced per day inside the detector, 
0.26(±0.13) events vill be Identified as electron-like events.
The n°'s are converted into gammas almost immediately. The gammas 
then undergo pair production. Most of the opening angles of these pair 
production events are small. Instead of identifying tvo tracks, the 
events selection program vill find only one track but vith dE/dx being
tvice as much as that of a minimum ionizing particle. Thus they can
also be discarded by the event selection process. This background has
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also been studied by Honte Carlo simulation. n°'s are generated vith a 
flat energy spectrum from 130 HeV (i.e. -rest mass of n°) to 400 MeV. 
They vere then propagated through the detector geometry using the SLAC
EGS3 code. The percentage of events which trigger the system under the
4AND requirement is found by weighing the Monte Carlo data sample vith 
the energy spectrum of the n°'s produced! in the nucleon-meson cascade 
as shovn in figure 38(a). It is found to be -40JK. The event selection 
program was used to identify electron-like events from the triggered 
sample. The percentage retained front the program is found to be 
(2.8±1.4)X. The selected sample is then bond scanned and 15.7(±4.0)X 
of these events are kept. Thus the final percentage of the Monte Carlo 
data sample identified as electron-like events is 0.2(±0.1)X.
Therefore, out of the 400 n° events produced in the central detector
per day, where each pion produces Z gammas, the number of events
identified as electron events is
Finally, let us look at ebe background events produced by the
n"'s. As shovn on page 131, there are several processes in vhich
gammas are produced resulting from captures of n~'s in nuclei. Here ve 
look at the interactions in more detail.
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Pig. 38(a): Energy Spectrum of H*
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Pig, 38(b): Energy Spectrum of Ti~
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Prom the spectrum of it” as shown in figure 38(b), the energies of 
the n~'s peak at *>100 HeV. The percentage of it“'s with energy of 100
HeV which undergo a charge exchange process (Hfp ■* n°n) or (it~C -* n°X)
in our detector has been estimated to be <10X. The ratio ( Rate (n~p ■+ 
n°n) / Rate (n"p ■+ yn) ) was estimated to be (30±5).*® Thus, most of 
the n~'s will just undergo elastic scattering in the detector until
they slow down and are captured.
Because of the liquid scintillator in the detector, C and B are 
the 2 most abundant materials. Ve expect that £1%. of the it” will be
AQ
captured on H in C^, that is, 99X will be captured on C.
The number of gammas emitted following a n"-capture in C is
measured to be 0.0127 per capture.^ There is no observable
contribution from charge exchange on C at rest.^1 For iT-capture on B,
here we assume all undergo charge exchange and set an upper limit on
gammas produced.
Thus for the 410 iT's produced per day in our detector, 10X 
undergo charge exchange to give a tt° which decays into 2 gammas. 
Therefore, 82 gammas are produced before capture. During captures, 99% 
of the remaining n~'s are captured by C, which mostly undergo radiation 
to give 0.0127 gammas per capture. This gives 4.64 gammas per day. 
For the IX of n~'s captured on fl, 7.4 gamamas are produced per day. As
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a result, a total of 94.04 gammas are produced In the above
Interactions.
From the Monte Carlo study on background from the gammas produced
by the n°'s, ve know the acceptance of these gammas to be 0.2±0.1X.
Therefore, the number of electron-like events identified from this 
sample is found to be 0.20±0.1 per day.
Besides the captures and the charge exchange process, ve also 
studied other interaction processes such as bremstrahlung of n~'s. 
This is done by generating a sample of n~'s with a flat energy spectrum 
from the rest mass to (mR + 400) MeV. They are propagated through the 
detector geometry until they are stopped and capture. Any gammas or 
electrons produced during the propagation vere passed to the SLAC EGS 
code for further investigation.
This same sample of Monte Carlo events are then weighed vith the 
spectrum for n” yields as shown in figure 38(b) to find the percentage 
of triggered events. It is found to be -44.3X. The percentage of 
trigger events retained by the software event selection is found to be 
2.0(±1.0)X. Hand scanning of events retained 20(±5)X from the final 
sample. Therefore, the total percentage retained is 0.17(±0.05)X.
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Since -10JK of the tt~'s undergo charge exchange, only -90X will 
undergo other interaction proceses before stopping. Therefore, out of 
the 410 IT's produced per day in the central detector, 369 n~'s 
interact othervise. From this sample of 369 IT's, 0.64(±0.30) events 
will be identified as electron-like events.
The final number of electron-like events kept form the n~ 
background is thus estimated to be a total of 0.84±0.45 per day.
Summing up all the background events contributed by the nuetron 
produced pions (i.e., n**°) produced in the central detector, ve found 
a total of 2.70±1.35 per day.
6.2 C4 A Summary of All the Beam Associated Backgrounds
In Section 6.2, ve have studied the background contributions due
to the ve from the neutrino beam and also the backgrounds from the 
neutrinos created by plon decay in-flight. In the previous section, ve 
studied the background contributions from beam neutrons. All the beam 
associated backgrounds from these various sources are irreducible 
electron-like events. In this section, ve vill try to add up the 
different contributions to see hov many background events per day ve 
get in the data set obtained during the running cycle of 1986.
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From Table 6.1 (pg. 107), ve found the total background events 
due to vc Interactions in the central detector to be 0.27(±0.13) per 
day. From Table 6.2a (pg. Ill), the total number of background events 
contributed by from pion decay in-flight vas estimated to be
1.49*10“  ̂ per day, assumming a 100X acceptance of the detector. Vhen 
the acceptance* of our detector is taken into account, which vas found 
to be 14.7(±4.7)%, the total number of the background events summed 
from table 6.2a is found to be 2.20(±0.06)*10~^ per day.
From Table 6.2b (pg. Ill), ve found the total background events 
contributed by from pion decay in-flight to be 0.21(±0.05) per day.
From the previous section (Section 6.2 C3), ve found the total number 
of background events from the beam neutrons to be 2.70(±1.35) per day.
Lastly, recall that 1 in 4000 (or, (3.0±0.5)*10-4) ) protons would 
be misidentified as electrons in our detector.4* Therefore, for 1300 
beam excess protons per day in the detector (see page 131), there are 
(0.39±0.07) per day as misidentified beam proton background events.
Summing up the above different sources, ve get a total of 
(3.57±1.57) irrducible background events per day. This number is to be 
compared in Chapter 7 with the data sample.
* The acceptance of the detector is discussed in Chapter 7.
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6.3 Non-Beam Associated Backgrounds
The non-beam associated background comes entirely from the cosmic 
ray flux. There are tvo main cosmic ray background sources. One is 
high energy muons and the other is cosmic ray neutrons. The following 
discusses these tvo background sources.
6.3 A. Huons from the Cosmic Ray Flux
As mentioned in Chapter 3 , muons from the cosmic ray flux may
produce gammas in the overburden either by bremstrahlung or by decaying 
into electrons which subsequently bremstrahlung. If these gammas enter 
the central detector undetected and then undergo pair production or 
Compton scatter, the resulting electrons can be mistaken for an
oscillation event.
This source of background has been largely taken care of by the 
hardware design with the iron-lead passive shield situated just inside 
the active shield. The purpose of this passive shield is to force the
gammas to either undergo pair production or Compton scatter before
entering the central detector. A more serious background is caused by 
the gammas produced in the passive shield by charged particles which 
did not register in the active shield. However, as discussed in 
Chapter 5, most of these can be eliminated by event selection criteria 
or hand scanning. Thus this should not be a serious background.
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6.3 B. Neutrons from the Cosale Ray Flux
A more subtle background due to the cosmic ray flux is the one 
from cosmic ray neutrons. This background, like the beam neutrons, can 
be studied by the recoil protons produced by the neutrons inside the 
central detector.
Figures 39(a) and 39(b) show the 2 side views ((x,z) and (y,z), 
where x is the horizontal direction, y is the vertical direction, and z 
is the direction along the beam line and the tunnel) of the beam-off 
stopped proton tracks in the detector while figures 39(c,d) show the 
corresponding projections of figures 39(a) and 39(b) along the tunnel 
(i.e. the z-axis). The projection of these tracks clearly shows a 
strong component entering the back of the detector (i.e. the end away 
from the beam stop). Figure 40(a) shows the front view of the beam-off 
stopped proton tracks and figure 40(b) shows its projection along the 
horizontal axis. There is no indication of protons entering the top 
but there is a component coming from the sides of the detector. This 
indicates that there are some weak spots in the overburden as cosmic 
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6.4 Conclusion
In Chapter 5, ve discussed the less subtle backgrounds due to 
stopped auon decays, and recoil protons caused by energetic neutrons. 
Ve can eliminate most of these backgrounds by an event selection 
program and also by hand scanning events. A small residue of these
background events vill still remain in the final data sample. This is
due to the inefficiency of the detector, e.g. if particle goes through 
some dead material in the detector and no shield hit is recorded, then 
it may be passed as a signal event. A brief summary of the breakdown 
of these backgrounds are discussed in Chapter 7 where the results are 
analysed.
In this chapter, ve have estimated the backgrounds contributed by 
the reaction of ve's on the target materials in the central detector, 
and also the backgrounds contributed by pion decay in flight. By
imposing different energy cuts, ve can cut down the background rate due 
to to a very small amount. The more significant backgrounds are
those created by Still, ve can greatly reduce them by
identifying the stopped muons they produce.
On the other hand, backgrounds due to energetic neutrons are the 
most severe problem ve face. As shown in section 6.2 C4, the
background due to the beam neutron dominates. The method used to
144
Identify events caused by this background is to compare the spatial 
distributions of the events vith that of the recoil protons.
Even though it is not desirable, as it affects our statistics in 
calculating the oscillation probability, coseic ray backgrounds can 
always be deducted from the beam data after proper normalization of the 
beam off data. Thus the main background source will be from the beam. 
How these backgrounds limit the measurement in this experiment is 
discussed in the following chapter.
CHAPTER VII
ACCEPTANCE STUDIES AND CALCULATION OF THE NEUTRINO OSCILLATION LIMITS 
7-1 Acceptance Studies
The overall detector efficiency is obtained from: (1) the trigger 
efficiency of the detector system, (2) the efficiency of the program 
which selects electron-like events, (3) the inefficiency caused by dead 
channels in the detection devices.
In this neutrino oscillation experiment, we can look for both vy ■* 
ve and \>€. The energy spectra of the two initial states are
different. The acceptance of our detector, especially the trigger 
efficiency, is enengy dependent. Therefore, we have to find the 
acceptance for the tvo different kinds of neutrinos. The following 
sections give detailed descriptions on how ve estimate the overall 
efficiency of the event acceptance. (+The third type of oscillation 
(v̂  ■* vfi) is not seeked here because the acceptance of this in our 
detector is very small.)
7.1 A1 The Trigger Efficiency
During the data run in the period of mid-Nov to mid-Dec 1986, a 
4-AND triggering system (any 4 planes out of 6 consecutive planes 
received a signal within the same time period) vas used.
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The efficiency for this trigger is studied by Monte Carlo 
simulation. Electrons are generated with a flat energy spectrum of 
20-52 MeV and an isotropic spatial distribution. These electrons are 
then propagated through the detector geometry using the SLAC EGS3 code. 
Out of 20,000 electrons thus created, 3931 electrons triggered the
system under the 4AND requirements. The number of triggered events and 
the number of electrons are veighted separately with the function
w^ere *s t*ie cross section of the reaction ve+p -*■ e++n,
and ^(*0 is the flux of the at energy k. Note that the energy
spectrum of the ve is given by the spectrum of (or ve as discussed 
belov), i.e. if neutrinos do oscillate: * ve (or \>e «► ve).
The energy distribution of the from the muon decay is given by 
the formula om page 32:
N(k^)dk - (6k^2 - 4k^3)dk^, where k ^  - E^/E,max’
and Em,v - 52.83 MeV. max
The function o(k)5?ihl is calculated as shown in appendix 2. It isdk
given by the expression:
■ n-6V ■ 12-2V * 2-40\6 ■ °-i9s7
The ratio of the veighted number of triggered events to the veighted 
number of electrons generated gives the efficiency of the trigger vs E. 
Figure (41) shows the distribution of the veighted number of triggered
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events and figure (42) shows the distribution of the weighted number of 
electrons generated with a flat 20-52 MeV neutrino energy spectrum with 
the EG5 code. Figure (43) is obtained by taking the ratio of figure 
(41) to figure(42), which gives the distribution of the 4AND trigger 
efficiency as a function of energy. The average trigger efficiency is 
given by:
no. of weighted accepted triggers _ 27 ± 0 01
no. of weighted electrons
Similar calculation has been carried out for the the energy
spectrum of vQ. The energy distribution of the ve from the muon decay
is given by the formula on page 32:
)dk - (121^ 2 - 12k^ 3)dke, where - Ev /Emax,
and Enax - 52.83 MeV.
The function e(k)̂ jii2. is calculated as shown in appendix 2. It is
given by the expression:
dN<kv > - 35.53k,. * - 43.83k-. 5 + 9.03k,. 6 - 0.74k. 7 
e dk. ve e ve ee
Vith a similar approach as in the calculation for the spectrum,
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7.1 A2 Efficiency of the Event Selection Program
The electron data sample simulated vith SLAC EGS code as mentioned 
above (section 7.1 A2) vas superimposed on a real data set of random
triggers which contain mostly noise as a background. The event 
selection program vas then run to select electrons from this data 
sample. The percentage of the events that pass the cuts of the event 
selection program gives the efficiency of the selection program. The 
following is the summary of the percentage of events cut by the 
different criteria in the program for the energy spectrum.
Percentage of in time tracks found 
Percentage of events outside fiducial volume 
Percentage of events cut for protons (dE/dx cut) 
Percentage of events identified as stopped muons 
Percentage of events cut due to shield activities 
Percentage of electrons found







Thus the efflcency of the event selection program for identifying 
electrons is found to be (54.3±2.8)X. The percentage error is 
estimated by varying the parameters in the cuts slightly.
The efficiency of hand scanning vas estimated by the percentage of 
Honte Carlo events retained after scanning. It is found to be (98±1)X.
7.1 A3 The Detector Inefficiency due to Dead Channels
Veak or dead channels show up in the calibration constants of the 
detector. Bov much inefficiency these channels cause is determined by 
hov much tracking information is lost vhen these dead devices happen to 
be along the track ve are looking for.
The Konte Carlo simulation for electron studies vere generated 
vith an ideal detector vhlch have all the channels vorking properly. 
In order to find the inefficiency of the central detector, ve put in 
the dead (or veak) channels of the detector into the calibration file 
for Monte Carlo simulation. By imposing the same tracking criteria, ve 
compare the percentage of tracked events betveen the real detector and 
the ideal detector. The efficiency of the detector is found to be 
.98<±0.01).
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7.1 A4 The Total Efficiency of Event Acceptance
The total efficiency of event acceptance is given by the product 
of the three efficiencies found. As a result, the total acceptance of 
our detector in finding an electron event due to the spectrum is
(14.7±4.7)% and that for the ve spectrum is (12.0±4.)%
7.1 B Data from the 1986 Running Cycle
Here is a brief summary of data acquisition during the period of 
mid-Nov to mid-Dec 1986. The data acquisition system vas live 88% of 
the time. The computer readout and the veto Inhibit contributed 3.5% 
and 8.5% to dead time respectively. The unvetoed 4AND trigger rate vas 
about 1.7 kHz. The event trigger vas inhibited for 11 ps for the long 
veto (where only one section of the shield vas fired) and 2 ps for the 
short veto (where tvo sections of the shield were fired). The detector 
trigger rate in anti-coincidence with the active shield veto vas 1.5 Hz 
in the beam gate and 1.0 Hz in the cosmic ray gate. The following is a 
summary of the live time and charges (protons on target) received 
during the running period.
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For a running period of 11.25 LAHPF days
1 . . . . . . . . .  !' ■ 1 ' 1 ' "  Tj j Beam Gate | Cosmic Ray Gate | Total |
i ■ .. ........... i _ ' i .........................r  ■ r
| Live Time (s) | 63013.43 | 179953.03 | 242966.48 |
| Charge (C) j(Protons on Target)
1 1 1 
812.20 | | 812.20 | 
(5.08*10 ) | |(5.08*10 ) |
• 1  +  IjProton Rates(s-1)+ j 0.252 jin the detector j 0.034
11I
From the differences in the trigger rates and the proton rates 
between beam-on and beam-off, ve can conclude that ve have a high 
background rate due to beam neutrons as discussed in Chapter 6.
At the end of Chapter 5, ve summarised the total number of 
potential neutrino signal events found in the data sample. Ve have 34 
events in the beam gate and 15 events in the cosmic ray gate. In order 
to find the number of events due to the neutrino beam only, ve have to
deduct the number of cosmic ray events (normalised to the beam live
time) from the beam-on data. Assume a 6.5JE duty cycle, there are 5600
sec in one LAHPF day. Thus:
Beam-on rate - (34±11)/ (63013.43 s) - 3.00±1.00 /day
Beam-off rate - (15± 5)/(179953.03 s) - 0.47±0.15 /day
Beam excess event rate - 2.53±1.15 /day
T Calculated trom the number of protons found with softvare cutter.
4
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When normalised with respect to the number of events per coulomb, 
the beam excess event rate is given by:
ic /j.c\ * 63013.43 <34±11) - 15 (±5)
Beam excess event rate - ----------- 51775-----------
- <0.035±0.012) /C - 2.53±0.87 /day+
The above event rate is a combination of background events vith
any signal events. Neutron detection is not used in the above data -
reduction. Hov it can be implemented and the reason it is not employed 
in this data analysis are discussed in appendix 4.
7.1 C Data Sample as Compared to the Honte Carlo Events
Monte Carlo events are used to simulate the real data. The Monte
Carlo data set used for comparison is the some one used to find the 
efficiency of the event selection program.
First of all, to test the reality of the Monte Carlo simulation,
ve compare the Honte Carlo electrons vith the electron sample from
decays of stopped muons in our central detector. To do so, the Monte
Carlo data are veighted vith the energy spectrum of the electrons from
+ The average charge received is 72.2 coulombs per day as given in page 
99.
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muon decays at rest, which is the same as the energy spectrum of the 
electron neutrinos from the decay and is given by:
f(E^) - 12k2*(l-k) where k - Ev^ / EDax
and E_-v - Hass of muon / 2. max
Figure 44 and 45 are distributions of the visible energy and dE/dx of 
the electrons from stopped muon data. Figure 46 and 47 show the tvo 
same corresponding plots for the Honte Carlo data veighted vith the 
equation shown above.
The plots of the stopped muon data agree vith the Honte Carlo data 
reasonably veil. The peak of the Evjg distribution of the Honte Carlo 
data is about 5X lover than that of the stopped muon data. This is 
assumed to be because slightly too much dead material for the central 
detector is put into the Monte Carlo simulation. The tail at the high 
energy end of the stopped muon data is mainly due to the energy 
normalisation of some veak PMT's in the detector, which is not used in 
the Monte Carlo calculation.
Since now ve believe the Monte Carlo events simulate real data 
very veil, ve can comfortably compare the real data vith the Monte 
Carlo data. The following figures (fig. #44 to 53) show the 
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As ve expect the data during beam off is contributed mainly from 
the cosmic ray flux, and in particular stopped muons, ve compare the 
beam off data vith the stopped muon Honte Carlo spectra. Figures 48 
and 49 shov the distributions of the visible energy and dE/dx of the 
beam off data. The dE/dx distribution shovs a slight peak tovards the 
high energy end. This suggests some of the events are proton events 
that survive both the softvare event selection and the hand scanning. 
For comparison, figures 44 and 45 are repeated and shovn on the same 
page vith figures 48 and 49.
Since ve are looking for neutrino events, ve have to compare the
beam excess (as defined on page 153) data vith the Honte Carlo data
veighted vith the function o(k)-* ^ \  vhere a(k) is the cross section
of the reaction v. + p •* e+ + n. This function is as shovn on page
146.
The veighted distributions of Ey£S and dE/dx of the Honte Carlo
events are as shovn in figures 50 and 51. Corresponding plots for the
beam excess data are as shovn in figures 52 and 53. Again, like the
beam-off data, there is still a slight peak at the higher dE/dx region.
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7.1 D Breakdown of Different Background Contributions to the 
Data Saaple
From the above section, ve know the final data sample is not 
entirely due to the neutrino oscillation signal ve are looking for. 
Indeed, most of it is irreducible background. In Chapter 6 ve tried to 
classify vhat are the irreducible events and hov many of each different 
backgrounds are embedded in the final data sample. As a result, an 
estimation of a total of 3.57±1.57 background events per day vas found.
From the data analysis on the data sample obtained during the 
running cycle of 1986, ve have 2.53(±1.15) beam-excess events per day. 
The estimated background agrees vith the number of beam excess events 
found in the data vithin one standard deviation. Therefore, ve 
conclude that the events in the data sample may be accounted for by the 
different sources of backgrounds, vithout any neutrino oscillation.
These background events obviously affect the sensitivity of the 
limits ve can set on the parameters of the neutrino oscillation, vhich 
is to be discussed in the folloving section.
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7.2 Calculation of the Neutrino Oscillation Limit
7.2 A The Expected Neutrino Event Rate
In order to estimate the sensitivity of the search for neutrino 
oscillations ve need to knov the event rate due to the reaction:
ve + p ■+ e+ + n . (1)
for a given mass term and mixing angle. The calculation of
the expected neutrino event rate is similar to the one used in section 
6.2A, where the background rates in the detector were calculated. 
There are two different neutrino oscillation processes ve can look at 
in this experiment: (1) The ■+ and (2) ■+ ve. (Note that the
6m2 term in the case of \>e -* ve refers to the Majorana mass while for 
■+ ve, it refers to the Dirac mass.^®'"*2  ̂But the oscillation 
phenomonology is the same.)
The event rate due to reaction (1) is found from the integral:
Rate - J (Nv/4nr2)NT(r)ee(Ev)f(Ev)«(rte,Ev)dEvd3r » (2)
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vhere
9 ■+(Nv/4nr ) » neutrino flux at a distance r from the source,
•* •> ■+Wj(r) ■ number of targets/cm at position r,
■ (detector mass/mol. vt.)(# of nucleii/molecule)
(Avogadro's number), 
e ■ average efficiency of event detection,
a(£v) ■ cross section (cnr) for reaction (1), as a
function of the neutrino energy Ev, 
f(Ev) ■ neutrino energy spectrum - dNv/dEv, and
(o(z',9,Ev) ■ oscillation probability.
Since the oscillation probability is dependent on both r and E, 
this equation is not separable into two individual integrals. In the 
appearance experiment, the oscillation probability is given by:
w(r,e,Ev) - sin22© sin2 (1.27 * 6m2 * -1). (3)
For simplicity, ve assume maximum mixing and take the above expression 
to be one. If ve make such an assumption then equation (2) is 
separable into tvo independent integrals. By the same approach as in 
Chapter 6 (section 6.2 A), equation (2) can be vritten as:
Rate - eN^ | (Nv/4nr2)d3r j a(Ev)f(Ev)dEv, (4)
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The tern is the number of proton targets vhich are assumed to
be distributed uniformly inside the central detector. As shown in
The first integral in equation (4) gives the total number of 
neutrinos coming into the detector during data taking, vhich has been 
calculated as shown in Chapter 6 (see page 99). For completeness, it 
is given here as:
The second integral gives the cross section for the reaction in 
equation (1) integrated over the respective energy spectrum of the 
neutrino emitted in muon decay. The energy spectra for the two 
different neutrinos being considered ere given by (see page
and E__v - 52.83 MeV max
(2) f(Ev ) - dN(k)/dk - 6k3 - 4k4 where k - Ev /Emax e e
and - 52.83 MeVDtftX
Since the energy spectra for the two types of neutrinos (\̂ , and ve) 
from the beam are different, the corresponding functions of a(Ep)f(ElJ)
Appendix 1, the mass of protons in the central detector is 2.37*10® gm.
7 ^For the central detector with a physical volume of 9.48*10 cm , this
22 3gives the number of protons in the central detector as 1.5*10 /cm .
Total number of neutrinos
32):




have different values. The detailed calculation of the cross section 
as a function of energy is done in Appendix 2. Thus the second 
integral in equation (4) for the 2 processes and ve-»ve) can be
written as:
CD V
U3 , 3 k M , 27 t W * - 0 , , ^
Io(E )f(Ev )dEv - 1.90 ve e e /<.2- 2> G 4nh i \ (35.53k4-43.83k5+9.03k6-0.74k7)dk
vhere G ■ Fermi coupling constant - Gp/(fic) 
- 1.17 * 10~U  MeV-2 ■ 
nip - mass of a muon
2.305 * 10-22 cm-MeV"1 
105.66 MeV
The integrals on the right hand side of these equations are 
normalised such that when integrated over the range of 0.<k<l. (i.e.
0.£Ev<Emax- my/2) they give a value of 1. Therefore, the 2 separate 
integrations give:
CD V




Grouping the values thus obtained from the above for the different 
terms in equation (4), and the acceptance e calculated in section 7.1 
(see page 152), ve find that the expression for the overall event rate 
for each of the above 2 processes (with the assumption of »(r,9,Ev)-l):
As can be seen here, the calculated event rate for the process (ve -*■ 
ve) is smaller than the one for the process ■+ ve) under the same 
condition. This is due to the difference in the energy spectra vhich 
affects both the acceptance of the detector and the integral function
w This is assuming 5600 s/LAMPF day. The total live beam-on period of 
the running period is 63013 seconds vhich equals to 11.25 LAHPF day.
(1) Rate(\̂ -»\>€) - * 2.47*<G2my2/4n) * (Nv/4n)*13.95
- 0.147 * 1.46*1022 * 1.17*10-40 * 5.02*1020
- 126.1±5.9 - 11.2±0.5 events/day*
(2) Rate(ve->ve) - ev NT * 0.90*(G2raM2/4n) * <Nv/4n)*13.95
- 0.120 * 1.46*1022 * 0.90*10-40 * 5.02*1020
- 79.15±3.96 - 7.04±0.35 events/day+
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o(Ev)f(Ev). The following sections proceed to set the neutrino
oscillation Units for the 2 processes.
7.2 B Calculation on Neutrino Oscillation Limits
In section 7.1 B, ve found the event rate from the data sample
taken during the 1986 cycle to be 2.53(±1.15). Due to the severe
problem with the beam associated background, ve concluded the data 
sample is primarily background. If there is any real signal embedded
inside the data sample, it is masked by the background and cannot be
2 2isolated. In order to set a limit on the two parameters (sin 20,Sm ) 
governing the probability of neutrino oscillation, ve try a maximum 
likelihood ratio test.^ The ratio of the likelihood functions is taken 
because of the discontinuity of the function at maximum of sin 20-1.
7.2 B1 Method of Maximum Likelihood Ratio Test
Assuming the neutrino oscillation events obey a normal





vhere ” t îe measure{1 event rate at distance & energy Ek,
ffj i. - the associated uncertainties,
Ek - the mean energy of the bin,
- the mean distance of the bin,
Y^A(Ek,LJ,8m2,9)
- calculated event cate at distance & energy Ek,
’ {I (V 4nr2>NT<^>Eff<Ev>f<Ev>w<r*e*Ev>dV 3r-
Since our data sample is dominated by background events ve can claim no 
oscillation signal. Two different approaches can be used to set the 
neutrino oscillations limit. In one method ve can test the data vith 
the assumption that no oscillation events are found, vithin a large 
uncertainty in the data. In the other approach ve can test the data 
vith the assumption of an oscillation signal event embedded in the 
final sample, vithin a large uncertainty in the data due to background. 
In this thesis, ve take the latter approach. Assuming a normal 





where Xq is the hypothesis of neutrino oscillation predicting the 
number of events present. To test for the best fit against the 
parameters, ve compute the logarithm of the ratio of the likelihood 
functions for both the data and the hypothesis:
determined, the 90X C.L. of the result is given by comparing the value 
X^(4m^,8) to that of X^in- A difference of £ 1.64 gives the 90X C.L.,
i.e, the data points can be vithin le deviation from the closest fit to 
the calculated values. The function Xq is given by the calculated 
value from the hypothesis. The method employed here to find the 90X 
C.L. for the oscillation limits is as follows: Vith a computer
program, ve find all values for x^(6m^,9) for different values of 0 and 
Sm2. Then by finding the best fit of the values of X^(6m^,8) to the 
function ve pick out X^jn by locating the minimum of X(Sm2,0). To
assign relative probabilities to any parameter set (<nr,9) a maximum 
likelihood ratio test vas performed by comparing X^(6m^»0) t0 >&n- 
The 90X C.L. is thus determined (i.e., in the ratio test, the value of 
X satisfies the condition of (IX̂ -Xjjjin|) 3 1.64).
X(5m2,0) - * X2(«m2,0) - X„2
The smaller the value of X(6m2,9), the better is the fit of the data. 
Once the minimum value vhich gives a minimum of X(6m ,9)) is
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7.2 B2 Calculation of the Likelihood Function
In this calcuation, ve emphasize the function X^Sm2,®) as it is 






In this experiment, since the detector is fixed at a location of 26 m 
from the beam stop, ve keep only 1 variable for L, i.e. J-l. In order 
to obtain better resolutions, ve divide the energy range into 3 energy 
bins «H30MeV, 30-*5HeV, 45-»55MeV). Therefore,
X2^ ® 2,©) - I k-1
r w v  -
To calculate the above expression for x^Sm2,®), ve need to knov the 
the energy dependence of the detector acceptance, the number of events 
found in the energy bins and the corresponding errors or uncertainties. 
These numbers are then substituted into the expression for x2(A®2»®)- 
Different values of sin229 and 6m2 are used in calculating the 
probability <o(r,9,Ev) of neutrino oscillation. The maximum of the 
values is then used to set the 90X C.L on the parameters governing the 
oscillation limits. Since the data is heavily contaminated vith 
background, this calculation is Just the best estimation of the present 
result ve can get.
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The following section gives a summary of the calculated acceptance 
and the number of events found in different energy bins for different 
v-oscillation processes and the estimated oscillation limits we can set 
with the present data.
7.2 B3 A Summary of Calculations and Results
7.2 B3 a. Preliminary
(1) For the process ■* vft!
E Range Acceptance Normalised Measured
(MeV) e <r(E)f(E) * of events
0 to 30 0.055 .091 9.95
30 to 45 0.146 .539 8.25
45 to 55 0.184 1.000 11.55
?or the process ve
E Range Acceptance Normalised Measured
(MeV) e s(E)f(E) # of events
0 to 30 0.049 .196 9.95
30 to 45 0.120 .783 8.25










From these numbers, the is calculated for processes (1)
and (2). For process (1), a minimum chi square (Xjjj£n-9.8) vas obtained 
at sin22© - 0.247 and 8m2 at 86.3 eV2. For maximum mixing, ve find 8m2 
£0.55 eV2, and for large 6m2, sin229 £ 0.25.
For process (2), the best fit occurs at sin229 - 0.31 and 8m2 -
90.8, vith a of 11.6. For maximum mixing, ve find 8m2 £0.60 eV2, 
and for large 6m2, sin229 £ 0.35.
These limits vhich vere obtained by the normal procedure for data 
deduction, are not very good. Since ve knov the data sample is heavily 
contaminated vith the beam neutrons, ve consider some more severe cuts 
in order to reduce the background events. The folloving section 
describes the additional cuts. These cuts are only implemented for 
this data sample. During the first tvo days of the running cycle of 
1987, ve found the beam associated neutron background rate has been 
reduced by at least a factor of 20. Thus, the set of data sample 
obtained in the coming running cycle is much cleaner and these cuts 
vill not apply.
7.2 B3 b. Additional Cuts Implemented
In the earlier stage vhen ve considered the visible energy 
deposited by a particle, ve only looked at the energy of the particle 
along the track, and ignored the associated energy in the event. For
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background events, there may be a lot more of other energies deposited.
It may be more significant when one scintillation counter gets a lot of 
deposited energy which gives a maximum dE/dx in the counter. In order 
to decide on a reasonable cut on the above two parameters, ve take the 
electron sample from stopped muon for comparison. Figure 54 shows the 
distribution of associated energies of such a sample and figure 55 
shows the distribution of maximum dE/dx. Ve cut on events vith the 
associated energies > 20. MeV and also dE/dxmilv > 20. MeV. The cuts - 
chosen are as marked in the figures. These two cuts cost a loss of 
(5.5±1.3)X in the acceptance of the detector. The result is that the 
beam-on events are reduced from 34 to 17 while the beam-off events are 
reduced from 15 to 10.
Another severe cut was made by considering the spatial dis­
tribution of the data sample. As discussed in Chapter 6, ve knov the 
source of background is mainly from the neutron pipe vhich is located 
above our detector. One vay to discard most of the background events 
would be to discard all the events distributed closest to the location 
of the neutron pipe. Figure 56 shows the spatial distribution of the 
events and the fiducial cuts imposed. This cut costs another loss of 
25.OX of our acceptance. After this cut, the beam-on events are 
reduced from 17 to 7 and the beam-off events are reduced from 10 to 7.
As a brief summary, the above three cuts cost a total loss of 
(29.1±6.8)X in the detector acceptance. But it also cut down the 
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Fig. 56: Further Fiducial Cuts.
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of Ey^3 of the beam excess sample after the final cuts and figure 57(b) 
shows the corresponding dE/dx distribtution. For comparison, the 
similar two plots before the cuts, i.e., figures 52 and 53, are 
repeated and shown on the same page with figures 57(a) and 57(b). 
After all the above cuts, we decide upon a final sample of signal-like 
events and the limits of neutrino oscillations are set with these 
results.
7.2 B3 c. Final Results
(1) For the process -*■ ve:
E Range Acceptance Normalised Measured Uncertainty
(MeV) e o(E)f(E) # of events
0 to 30 0.041 .091 1.65 1.10
30 to 45 0.109 .539 0.60 0.40
45 to 55 0.136 1.000 2.30 1.53
(2JJ For the process ve •* \e:
E Range Acceptance Normalised Measured Uncertainty
(MeV) e <r(E)f(E) # of events
0 to 30 0.044 .196 1.65 1.10
30 to 45 0.088 .783 0.60 0.40
45 to 55 0.129 1.000 2.30 1.53
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Proa these numbers, the X^(8m2,0) is again calculated for 
processes (1) and (2). For process (1), a mlnlaun chi square 
(X^n-6.8) was obtained at sin220 - 0.123 and 8m2 at 28.7 eV2. The 
naxlaun likelihood ratio test gives the contour lines for 90X C.L. on 
the neutrino oscillation limits. It is presented in figure 58. For 
maximum mixing, ve find 8m2 <0.35 eV2, and for large 8m2, sin220 £
0.14. The area to the right of the curve is the excluded region for 
neutrino oscillations.
9 2For process (2), the best fit osccurs at sin 20 ■ 0.192 and 8m -
26.2, vith a X ^ n of 7.6. The maximum likelihood ratio test gives the
contour lines for 90X C.L. on the neutrino oscillation limits. It is
9 2presented in figure 59. For maximum mixing, ve find 8m £0.39 eV , and 
for large 8m2, sin220 < 0.21. The area to the right of the curve is 
the excluded region for neutrino oscillations.
For comparison, the above tvo figures also shov the present limits 
set by other experimental groups. In the folloving chapter, ve discuss 
vhat have been done so far to improve the quality of data ve can get 
from the next running cycle.
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CHAPTER VIII 
DISCUSSIONS OP RESULTS AND CONCLUSION
From the data taken during the 1986 bean cycle at LAMPF, ve have 
shown that our detector works as designed. Ve can track the particles 
coming into the detector and also distinguish different particles from 
their corresponding range and energy deposited inside the detector. 
From these properties, ve were able to recognize the large amount of 
backgrounds, especially the beam associated ones, received in our 
detector. This gives us a chance to study the problems and to prepare 
for the next beam cycle at LAMPF.
From the energy and range information inside the detector, ve were 
able to identify recoil proton tracks induced by energetic neutrons. 
From the tracking properties of the detector, ve were able to project 
the tracks onto the shielding and locate the source. Thus, ve deduced 
the main source of the beam associated background and vhere the weaker 
parts of the cosmic ray shielding are. The details were discussed in 
Chapter 6.
There are two main reasons to reduce the amount of backgrounds in 
this experiment: (l)It is important to obtain a clean data sample in
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order to look for neutrino oscillation signals. (2)Since statistics 
affects the sensitivity of the oscillation limits ve can set, fever 
background events vill improve the statistics. From the data analysed 
as analysed in thesis, ve have 2.53±1.15 beam-excess data per day and
0.4710.15 beam-off data per day. In order to reduce the background 
dovn to <0.1 per day, ve need to reduce the beam associated background
back a factor of ~100 and that of the cosmic ray background by a factor
of ~10.
Measures have been taken to reduce the amount of backgrounds ve 
received. During the summer of 1987, concrete has been used to fill up 
the neutron pipes vhere most of the beam neutrons came from. The 
headvall betveen the tunnel and the beam stop has also been excavated 
and filled vith steel. The stringers are all repaired and are to be
inserted into the beam stop during the vhole beam on period. Vith all
these in progress, ve expect the beam neutron rate vill be cut by at 
least a factor of 100. The veak spots on the cosmic ray shielding, 
namely the front and the back of the detector together vith the tvo 
sides, vere filled up vith magnetites and then steel. In addition, an 
arc scintillation counter vas added to cover a crack in the active
shield so as to improve the veto efficiency. All these should bring
the cosmic ray backgroend dovn by a factor of 10.
Also, in order to limit the dead time in the 1986 running cycle, a
4AND trigger requirement vas imposed. This led to a lov detector
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acceptance, and affected the statistics ve could obtain vith the 
United beam tine at LAMPF. A hardvare modification has been done to 
allov a 3AND trigger requirement (i.e. any 3 planes in a consecutive 6 
planes have to receive hits before the detector starts to take in the 
data) to be used in the next running cycle (Summer 1987). This vill 
improve our detector acceptance by a factor of 2.
The folloving figure (figure 60) shovs the limits of the neutrino - 
oscillations ve can set vith the background reduced to 0.1 per day. 
This shovs a very competitive result as compared vith the present 
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Appendix 1
Composition of the Central Detector
1. Introduction
This appendix contains information on the materials in the central 
detector. Table A shows the total mass of each of the materials used. 
Table B shows the properties of the materials used in the central
jdetector and the amounts used in one modular unit. It is important to 
know the amount of materials in the detector because the calculation of 
the range of a particle together with its energy loss in the detector, 
and also the event rate calculations require such information.
<A) Mass Compostion of the Central Detector
1 “T ......1
Material | Liq. Scin. | Lucite 27A1 Cardboard
1 ' ”  j Mylar j
1 (ch2) |(c5b8o2) <c6Hi0o5) I(c5h4o2)|
1 , 1  1 1 ~ 1|Mass(10gm)| 13.35 | 4.47 0.18 1.67 | 0.10 |
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To break down the above components into individual elements:
1
| Atom 12c 13C | H 1*0 27A1 |
| Mass(10*gm) 14.73 10.15 | 2.37 2.34
10.18 j
1 21 j# of Targets/cm j7.80*10 7.33*1019|1.5*1022 9.28*1020 4.24*1019|
Appendix 1 
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j Total | 4.07 | 1| 3.75 1 ..1
1 1 
1 1
+ Particle Properties Data Booklet, 1984.
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Appendix 2
The Calculation of the g(B)f(E) Distribution for the Interaction
+ p -» e+ + n
In this experiment, we look for the appearance of ve, via the 
interaction »e +p ■+ e+ + n, in the oscillation process (ve) -*■
The o(E)f(E) distributions (required to find the event rate) for the 
energy spectrum of both and from muon decay are calculated in 
this appendix.
The cross section for the interaction +p ■» e+ + n is given
where ke,Ee are the momentum and energy of the electron, 
kv,Ev are the momentum and energy of the neutrino, 
G - Fermi coupling const. - 1.17*10“** MeV-^
FA - -1.24
Un - nuclear magneton - 4.706 





w * Ee "
q -  Igl -  I^,-^tI
9 - angle between and ke
0Neglecting nuclear recoil, we have E£*EV, and q-2kvsin_. Thus, by





v 12(1-sin2j) + 4 FA2<rilin2i> +
2A2Ev2(sin2| + sinA|) + 16PAAE <2)
Integrating over the angle from 0 to 4n, equation (2) becomes:
v.p(Ev> ■ {U 3 Pa2*t *2C * 8fa“ v} (3)
In order to later integrate over the energy spectrum, we make the
2following change of variables: let e « — Ev, where m^ - muon mass.
"V
Then,
'<*V> ■ ¥  ‘2 {^3PA2*T*2(T >2'2 
„2„ 2
+4FAAv }
JUiL e2 ( 5.6128 - 1.3107*e + 0.1164e2 ) 4a (4)
(A) g(c)f(c) for the Anti-muon Neutrino Energy Spectrum;
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Multiplying equation (A) with the energy spectrum (page 32) 




-JiL (33.6768c4 - 30.315AC5 + 5.9A12C6 - 0.A656C7)
Integrating this over the entire energy spectrum from e-0 to e-1, 
we have:
Thus,
I o ( e A e  - 2.A7 de An
o(e)f(e) - o(e)^
fc!.A7 -| 'q2_  2 \2 j — (13.63e4 - 12.27e5 + 2.AOC6 - .19c7)
where the term in the second paranthesis has a unit integral 
between 0 and Emax (i.e. c from 0. to 1.).
’"Recall that the term f(e)-^ is normalised such that |f(e)de - 1 for
the range of 0. < c 1.
(B) For the Electron neutrino energy spectrum:
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Multiplying equation (4) with the ve energy spectrum (page 32) 





4ft (67.3536e4 - 83.082e5 + 17.1252e6 - 1.3968e7)
Integrating this over the entire energy spectrum from e-0 to e-1, 
we have:




r r 2  2 \
4 it (35.53e4 - 43.83e5 + 9.03e6 - 0.74e7)
where the term in the second paranthesis has a unit integral 
between 0 and Emay (i.e. e from 0. to 1.).
v See the footnote on the previos page.
Appendix 3
The Calculation of the Neutrino Flux vith the D^O Plane
In this appendix, ve use the D2 O in the detector (recall that the
sixth plane in from the beam stop is of DjO counters) to calculate the
event rate for the interaction of \>ed -+ e~pp to check our calculation
of the neutrino flux. The event rate is calculated by the same method 
as for the interactions discussed in chapters 6 and 7.
The average cross section (a) for this interaction has been
calculated34 to be 4.8 * 10-43 cm2. The density of D2 O is 1.105 gm/cm3 
0at 25 C which is the nominal operating temperature during the data run. 
The number of the deuterons in one plane of a total of 12 counters is 
given by:
Volume of D2 O in the detector - 12*(12*12*2.54)*(12*2.54)*3 c.c.
- 4.01 * 103 c.c.
Hass of O2 O - (Vol. * density) gm « 4.44 * 103 gm.
5 4Hass of deuteron in the sample - 4.44 * 10J * _  gm
■ 8.88 * 104 gm
No. of deuterons - 8.88 * 104 * 6.02 * 1023 / 2. - 2.67 * 10




The neutrino flux from the beam when integrated numerically over
the DnO plane is given by: 7 — * 0.07 cm. Thus, for the time duration * 4ll
of the data run, the expected number of events is given by:
Nv
No. of events - eoN^ * ^_ * 0.07
20
- 0.147 * 4.8*10~ 4 1  * 6.65*1022 * 4,52*19— *0.07An
- 1.18
From the final data sample, the number of events found starting 
from the D20 plane is found to be 1±1. This agrees with the rate 
calculated above and thus shows that the neutrino flux used in all 




The final data sample is a combination of background events vith 
any signal events. In ord.er to find if any signal events exist in the 
sample, ve can try to Implement the detection of neutrons in 
coincidence vith the electron-like events as discussed in Chpater 3. 
The method used to detect neutrons and the reason it is not implemented 
in this data analysis are discussed in this appendix.
(A) Looking for Event Signals vith Neutron Detection
A computer program vas vritten to look for neutron captures in the 
gadolinium. Instead of looking into the history of the event as in the 
case of stopped muon events, ve look into the future of the event. 
This is because ve have to allov time for the neutron to thermalize 
before its capture in the gadolinium. As mentioned in Chapter 3, the 
neutron capture typically gives 4 gamma rays vith an average energy of 
about 2 HeV/gamma. Taking the energy resolution into account, ve 
require the total energy of a neutron-like event to be less than or 
equal to 12 HeV vith an average energy over the number of gammas to be
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£4 MeV. A tine vindov of 100 us after the trigger is opened for the 
neutron detection to allow for the thermal capture. Vith the 
information on the locations of the gamma rays detected, ve can find 
the centroid of the gammas and thus the location of the neutron. A 
spatial separation of £ 2 0 0  cm is allowed between the neutron and the 
trigger electron.
A study vith the tag sources (^^Cf) was used to determine the •
efficiency of different coincidence requirements for the neutron
detection. A data sample was collected vith events triggered at each
fission of the ^^Cf tag sources. The efficiency is calculated vith 
the following:
. number of neutron-like eventsEfficifincy . , num|>er q{ t o t > 1  twnts
The factor 3.74 comes from the average number of neutrons per one
fission of ^^Cf.
The following is a brief summary of the efficiecies vith different 
coincidence requirement imposed. and the corresponding number of 
neutron-like events seen in our final data sample (total of 33 beam-on
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•vents and 17 beam-off events), using each definition of a neutron 
coincidence:+
Ho. of Neutron Coincidences Seen Using Various Definitions 
of What Constitues a Coincidence
Conditions Eff. Beam-On Beam-Off
l.AND. + 1.0R. 0.301.04 1313 9il
l.AND. + 2.OR. 0.271.05 512 511
2.AND. 0.221.04 112 214
In order for neutron detection to be effective, it oust cut more 
background events than signal events. From the above, ve see that the
l.AND. coincidence requirements will cut the same ratio of event 
signals and noise signals. Therefore the 2.AND. coincidence 
requirement is the better one to use. But this neutron detection gives 
an efficiency of only 0.2.
* As mentioned In Chapter 3, the average number of gammas produced in 
neutron capture of Gadolinium is 4. During pair productions of these 
gammas, ve can expect to see many lov energy electrons or positrons 
produced. Ve define the neutron coincidence by requiring a definite 
number of PHTs seeing these lov energy electrons or positrons.
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It can be scan that the neutron detection efficiencies dropped 
vith respect to the aore stringent requirenents laposed. As a result 
of the lov neutron detection efficiency obtained, the overall 
acceptance is also auch lover. The acceptance as calculated in Chapter 
7 vith no neutron detection is 0.147. If neutron detection is 
implemented, the acceptance comes dovn to 0.03. Since the limit ve can 
set on neutrino oscillation relies on the statistics ve can obtain, and 
neutron detection kills our( statistics vithout a significant 
improvement In the signal to background ratio in this data run cycle. 
Therefore, ve decided it is not vorth implementing neutron detection in 
this data analysis.
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